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Abstract
Within a 90,000 km2 study area in SW Alberta, Santonian – basal Campanian strata of
the upper Wapiabi Formation are dominated by marine rocks that thin eastward from
~300 ~180 m over ~300 km, reflecting apparently spatially uniform flexural subsidence
driven by the static load of the orogen. Using flooding surfaces, a high-resolution
allostratigraphic framework established ten allomembers grouped in four informal
tectono-stratigraphic ‘units’, three of which were previously recognized in NW Alberta.
In the north and east, the formation is dominated by mudstone organized in numerous
metre-scale siltier- and sandier-upward parasequences. A lack of clinoforms and
abundant wave-formed sedimentary structures suggest that deposition took place on a
shallow, low-gradient, wave-graded ramp where sediment transport was affected mainly
by storm-generated combined flows. In the south and west, marine mudstone passes
laterally into nearshore sandstone and heterolithic coastal plain facies. Nearshore
sandstone facies represent a broadly linear (although with some local irregularities), NWSE-trending strandplain. Towards the SW, shoreface sandstones interdigitate with coeval
coastal plain facies that represent an array of channel, crevasse splay, lake and floodplain
environments. A net aggradational-progradational stacking pattern with limited updip
alluvial aggradation reflects minor tectonic subsidence in the SW. Subsequent increase in
accommodation suggest minor eustatic rise recorded by backstep of the shoreface.
Integration of present and previous work shows that three tectono-stratigraphic ‘units’
can be recognized over a strike distance of > 800 km. The flexural depocentres of units 1
and 3 extend across the present study area, but unit 2 is confined to a northern
depocentre; in the study area, unit 2 time is recorded by a thin bioclastic condensed unit
that formed on a contemporaneous forebulge. Isopach mapping on an allomember scale
(order of 100-200 kyr) revealed subtle differential subsidence across Precambrian
basement domain boundaries that resulted in the distortion of the wedge-shaped rock
bodies typical of foreland basins. The clearest expression of this deep-seated control is
along the boundary between the Vulcan Structure and the Medicine Hat Block.
Differential movement between blocks may be attributable to subtle changes in in-plane
stress, related to far-field forces resulting from tectonic activity in the Cordillera.
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Chapter 1 Introduction
1.1 The Scientific Questions
This thesis is a comprehensive sedimentological and allostratigraphic analysis of the
Wapiabi Formation in southern Alberta. The formation comprises a thick wedge of muddominated strata deposited in the Western Interior Seaway (WIS) of North America
during the Coniacian to early Campanian stages of the Late Cretaceous. During this time,
the WIS underwent rapid tectonic subsidence resulting in trapping most of the coarse
sediment adjacent to the tectonic load. Fine-grained sediment travelled farther into the
basin and was preserved in thick successions that appear lithologically monotonous
(Varban and Plint, 2008a; 2008b).
The present study of the Santonian – basal Campanian part of the Wapiabi succession
was initiated as a southward extension of a previous regional investigation of a coeval
succession in northern and central Alberta, formally known as the Puskwaskau Formation
(Figure 1.1; Hu, 1997; Hu and Plint, 2009). The study by Hu (1997) demonstrated that: 1)
the mud-dominated successions across the basin are not as homogenous as they appear,
2) wedge-shaped successions, that could be interpreted as the fill of flexural depocenters,
shift laterally in response to thrust activity along the orogen, and 3) at times, the
reactivation of underlying basement structures, notably the Peace River Arch, had a
significant influence on the overall sedimentology and stratigraphy of the succession.
A better understanding of allogenic (e.g. tectonism and eustasy) and autogenic controls
(e.g. river systems) on the sedimentation and stratal geometry of the upper Wapiabi
Formation in Southern Alberta, comprising the lithostratigraphic Dowling through the
Nomad members of Stott (1963), can be achieved by addressing several questions:
1

Figure 1.1. Map of southern Alberta. The study area is shaded in red, the study area of Hu
(1997) is shaded in blue, and the study area of Al-Mufti (in progress) is shaded in orange.
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- What were the processes responsible for moving large volumes of mud across the
shelf?
- Is it possible to discriminate between the different controls on accommodation; such as
tectonism and eustasy?
- What is the extent of basement control on the overall sedimentary succession?
To address these questions, the present study employs high-resolution allostratigraphy
based on wireline logs, integrated with outcrop and subsurface facies analysis, recent
advances in the study and interpretation of mud sediments, and the concepts of basin
analysis. The main components of the thesis are:
1.1.1

Mudrocks

The traditional view of mudrocks is that they accumulate in deep, quiet-water settings
(e.g. Potter et al., 1980; 2005). It is well-known that clay particles aggregate into larger
flocs, and recent sedimentological investigations have shown that flocs can survive
current transport in shallow-water settings, and that flocs can form migrating ‘mud
ripples’ thus behaving hydrodynamically as silt-sized grains (e.g. Schieber et al., 2007;
Schieber and Southard, 2009; Schieber and Yawar, 2009; Macquaker et al., 2010). A
more thorough analysis of the rock record is beginning to show that mudstones typically
have a more dynamic depositional history and a more complex stratigraphic architecture
than previously had been thought (e.g. Cattaneo et al., 2007; Liu et al., 2007; Hu and
Plint, 2009; Plint et al., 2009; Grifi et al. 2013; Plint et al, 2017).

3

1.1.2

Controls on Accommodation

The Western Canada Foreland basin affords an exceptional opportunity to establish a
high-resolution, three-dimensional stratigraphic image of the basin in both dip and strike
dimensions, over hundreds of kilometers. This is possible mainly because abundant
subsurface data are available across the basin. In addition, field observations of exposures
on the proximal margin of the basin can be integrated with the extensive subsurface
stratigraphic framework of wireline logs and cores, thus providing sedimentological
calibration of log responses. The ratio of accommodation – the space available for
sediment to deposit – relative to the rate of sediment supply dictates the resulting stratal
architecture and the sedimentary facies.
By reconstructing the geometry of rock packages, stratal architecture and facies in time
and space, it is possible to recreate the paleogeography, and interpret the allogenic
controls that operated at the time of deposition.
1.1.3

Basement Control on Subsidence

Beneath the Alberta foreland basin, a number of heterogeneous regions (or domains)
have been mapped within the Archean basement using aeromagnetic and aerogravity
surveys, and U-Pb geochronology (Ross et al., 1991; Villeneuve et al., 1993; Pilkington
et al., 2000). The influence of these basement domains on patterns of sedimentation has
been well-documented (e.g. Donaldson et al, 1998; Kreitner and Plint, 2006). These
studies and others document stratigraphic evidence from Mesozoic strata shows that
terranes are susceptible to subtle differential flexure, in part dependent on the direction in
which the stress is applied (Shurr and Rice, 1986).

4

In southern Alberta, some remarkable stratigraphic patterns have been documented based
on the isopach mapping of Coniacian rocks (Grifi et al., 2013). Changing subsidence
patterns were interpreted in terms of the reactivation of Archean basement blocks (e.g.
Grifi et al., 2013). The present study aims to investigate the influence of the basement
structures on the deposition of the strata of the Wapiabi Formation by comparing
available aeromagnetic maps with isopach and facies maps constructed from the
stratigraphic correlation established in this study.
1.2 Previous work on the Wapiabi Formation
The earliest geological investigations referred to the Wapiabi rocks as the ‘Dark Shales’
(Dawson, 1884) and “Ostrea Shales” (Hector, 1895). Malloch (1911) was the first to
formally introduce the term ‘Wapiabi’ in his accounts of outcrop exposures along the
Foothills near the North Saskatchewan River in Alberta. However, stratigraphic
nomenclature at the ‘Formation’ level was formally introduced by Webb and Hertlein
(1934).
The pioneering studies of the Wapiabi Formation were all lithostratigraphic in nature and
provided limited environmental interpretation of the succession (Dawson, 1881; Gleddie,
1949). Dawson (1881) investigated the Cretaceous strata along the Peace River, which he
called the “Upper Shales”. His study provided the first lithological description of grey to
black shales with an abundance of ironstone, and occasional iron-rich septarian nodules.
Dawson (1881) and Gleddie (1949) interpreted the ‘Upper Shales’ as marine based on
available fauna. Gleddie (1949) referred to the sandstone unit that is now called the
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Chungo Member as “the Chinook Sandstone”, and suggested a littoral marine setting as a
possible depositional environment.
The most comprehensive lithological descriptions of the Wapiabi Formation were given
by Stott (1961, 1963, 1967) as part of regional lithostratigraphic mapping of the Upper
Cretaceous Alberta Group by the Geological Survey of Canada. Stott (1961) subdivided
the Wapiabi Formation south of the Athabasca River into seven regionally- mappable
lithostratigraphic members that extend from the southern Foothills northward to Grande
Cache. These members are– in ascending order – the Muskiki, Marshybank, Dowling,
Thistle, Hanson, Chungo, and Nomad. Stott’s (1961) lithostratigraphic members were
named after tributary creeks of the Brazeau River northwest of Calgary and were
subsequently correlated throughout the Foothills (Stott, 1963; 1967; Irish, 1965) and into
the southern Alberta Plains and eastward to the Manitoba Escarpment (McNeil and
Caldwell, 1981).
The terminology of the components of the Wapiabi Formation change northward and
southward of the Smoky River. In Alberta, north of the Smoky River, the Muskiki
Member is elevated to Formation status, and the Marshybank Member, which changes
from siltstone to sandstone lithology, is assigned to the Bad Heart Formation (Stott,
1967). The Dowling to Nomad members above the Bad Heart Formation are assigned to
the Puskwaskau Formation (Stott, 1967; Figure 1.2). South of the Smoky River, the
Wapiabi Formation is part of the Alberta Group and has been divided into the
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Figure 1.2. Stratigraphic chart of the upper Cretaceous strata in parts of British Columbia, Alberta and Montana (Modified
from Nielsen et al., 2003; Payenberg, 2002; Plint et al., 2017).
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aforementioned seven members (Stott, 1961; 1963). This study is concerned with the
uppermost five lithostratigraphic members: Dowling, Thistle, Hanson, Chungo and
Nomad (Figure 1.2).
During the 1980’s, emphasis shifted to facies-oriented studies of the Wapiabi Formation,
with more attention focused on the sandstone-dominated Chungo Member, which was
viewed as a major, local hydrocarbon reservoir (e.g. Hunter, 1980; Bullock, 1981;
Rosenthal, 1984; Rosenthal and Walker, 1987; Ferguson,1984). Some studies placed
emphasis on the marine to non-marine facies transition within the Chungo Member
(Rosenthal and Walker, 1987; Cheel and Leckie, 1992). An entirely outcrop-based study
by Rosenthal and Walker (1987) reported that the Chungo Member was a predominantly
storm-influenced shoreface succession displaying depositional structures including
hummocky cross-stratification and swaley cross-stratification.
Because of the increasing activity in hydrocarbon exploration in unconventional
reservoirs in the Western Canada Foreland Basin, previously over-looked, muddominated sequences of the Wapiabi have assumed greater economic significance.
Rosenthal and Walker (1987) showed that the sandstone units of the Chungo Member
thin and interfinger with the siltstone and mudstones of the underlying Hanson Member,
and shale out towards the north. However, earlier work by Stott (1963) showed that
laterally - extensive units of the sandstone-dominated Chungo Member extended through
the central and northern Foothills.
Lerand (1983) suggested that parts of the Chungo Member exposed at Mount Yamnuska
had been deposited in a tidal environment similar to tidal environments in the North Sea.
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The controversy remains concerning the lateral relationship between the Chungo Member
in the northern and southern parts of Alberta – another question this thesis seeks to
investigate.
Integrated outcrop and subsurface allostratigraphic studies of the Muskiki, Marshybank
and Bad Heart formations were conducted by Norris (1989), Plint (1990, 1991), Plint et
al. (1990), Plint and Norris (1991), McKay et al. (1995), Donaldson (1997) and
Donaldson et al. (1998, 1999). The allostratigraphy of the Puskwaskau Formation was
investigated by Hu (1997) and Hu and Plint (2009). Additional regional studies of the
Wapiabi Formation in southern Alberta were undertaken by Payenberg et al. (2002,
2003); Neilsen et al. (2003, 2008); Grifi, (2012), Grifi et al. (2013), and Plint et al.
(2017).
Hu (1997) produced a detailed regional allostratigraphic framework for the Puskwaskau
Formation in west-central Alberta and British Columbia, which resulted in the definition
of 14 informal allomembers (A to N in ascending order). These 14 allomembers were
grouped into larger packages, informally known as “units”. These informal units are
characterized by upward-fining followed by upward-coarsening stacking patterns with
transgressive or flooding surfaces marking the top of each allomember. The significance
of these units lies in the detail that they provide about the magnitude and pattern of
subsidence, as indicated by the shape, thickness and spatial distribution of each
depocentre. Hu’s (1997) small-scale analysis of subsidence patterns through the mapping
of individual sequences and parasequences allowed the recognition of these depocentres,
which would otherwise have been unrecognizable on formation-scale isopach maps. This
study builds upon the allostratigraphic and sedimentological investigation of Hu (1997).
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The present study extends Hu’s (1997) allostratigraphic framework south of Township 37
to the Montana border (Township 1).
Neilsen (2002) conducted a detailed investigation of the lithostratigraphy, sequence
stratigraphy and paleoenvironment of the Carlile Formation (equivalent of the Cardium
Formation) and Niobrara Formation (equivalent of the Muskiki through Hanson
Members) in Southern Alberta and southwestern Saskatchewan.
Based on wireline log data from a total of 2760 wells, Payenberg (2002a) defined a
lithostratigraphic framework for the Milk River and Eagle formations in Southern Alberta
and north-central Montana. Payenberg (2002a) used a lithostratigraphic approach in his
correlation, as a result of which, his stratigraphic units cannot be considered to represent
chronostratigraphic packages. Payenberg (2002a) reported predominantly sandstone
facies for the Virgelle allomember (equivalent to the Virgelle Member of the Milk River
Formation) and Upper Eagle allomembers (Equivalent to the Dead Horse Coulee
Member of the Milk River Formation). Payenberg (2002a) demonstrated that the Virgelle
allomember represented storm-dominated shoreface sandstone facies. In contrast, the two
allomembers of the Upper Eagle Formation displayed evidence of deposition under more
deltaic conditions. Payenberg (2002a) also concluded that these deltas were widely
distributed across Alberta and that they thinned towards the north.
In southernmost Alberta, the Chungo Member of the Wapiabi Formation has been
interpreted as a prograding wedge of clastic detritus sourced from the southern
Cordillera, and is commonly thought to be equivalent to the Milk River Formation
(Leckie et al., 1994). The Chungo Member is overlain by westward-thinning marine
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shales of the Nomad Member, which is considered to represent the peak of the Claggett
transgression (Stott, 1963, 1967). The Chungo-Nomad contact is marked by an
unconformity associated with subaerial exposure and subsequent transgressive
ravinement (Stott, 1963; Glombick and Mumpy, 2014), which is considered a westward
equivalent of the Milk River shoulder (Sweet and Braman, 1989).
The Chungo strata are characterized by lateral facies variation from the north to the
south, which contributes to the complexity of their stratigraphic correlation (Stott, 1963;
Walker, 1982; Rosenthal and Walker, 1987). Based on comparisons of palynoflora
assemblage of the Chungo sandstone, Sweet and Braman (1989) concluded that the
northern Chungo sections are younger than the Chungo-Nomad disconformity in the
south in the Highwood River area. This age discrepency implies that (1) the marine
transgression represented by the overlying Nomad Member in the southern foothills
occurred prior to deposition of the Chungo Member in the central foothills (sometime
between ∼82.0–80.5 Ma) and (2) the Chungo-Nomad contact in the southern foothills
may represent a significant portion of the ∼82.0–80.5 Ma time.
Towards the southwest, the Nomad thins and disappears, and the Chungo/ Milk River
strata transition into overlying strata of the Belly River Group.
The Milk River Formation, spanning the Santonian-Campanian boundary, is a northward
tapering sandy clastic wedge representing the termination of the deposition of the
Colorado group in southernmost Alberta and Saskatchewan (O’Connell, 2003). The Milk
River Formation is considered to be age equivalent to parts of the Hanson and Chungo
members of the Wapiabi Formation in the southern Alberta foothills, although the age
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relationship is not well constrained due to inconsistent nomenclature and poor
chronostratigraphic control (Collom and Kravec, 2000).
In the subsurface of southernmost Alberta, the Milk River Formation is divided into three
lithostratigraphic units; in ascending order: Telegraph Creek, Virgelle, and Deadhorse
Coulee Members (Tovell, 1956). Modern stratigraphic models have slightly modified this
original model of Tovel (1956) over the years, although it is widely considered that the
Milk River Formation is the equivalent to the Chungo Member (e.g., Meijer Drees and
Myhr, 1981; Leckie and Cheel, 1986; McCrory and Walker, 1986; Cheel and Leckie,
1990; Meyer, 1998; Meyer et al., 1998; Payenberg et al., 2002, 2003).
The Telegraph Creek Member consists of interbedded marine shales and fine sands and is
considered to represent an open marine to shoreface transition to the shoreface sandstones
of the the Virgelle Member. The Virgelle shoreface is represented by thick, massive
packages of shoreface sandstone, whereas the Deadhorse Coulee Member represent the
nonmarine transition to coastal plain deposits of shales, siltstones, sandstones, and coal
(Tovell, 1956; Payenberg et al., 2002; Mumpy et al., 2018). The Telegraph Creek
Member extends northwards as a thin condensed section, that has been considered to be
equivalent to the lowermost Lea Park Formation in central Alberta.
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Figure 1.3. Schematic diagram of the Milk River – Alderson interval from Mumpy et al.
(2018) showing (a) Schematic stratigraphy of the Milk River Formation—Alderson
Member interval in southern Alberta (redrafted and modified after O’Connell, 2003). The
relationship between the red and blue unconformities is poorly understood. (b)
Alternative interpretation of Alderson Member unconformities based on
magnetostratigraphy, which indicates that the middle Alderson unconformity (blue line)
may represent a large portion of C33r (approximately the lower half, up to ∼2 Myr). The
relative position of the C33r/C34n boundary (the dashed black line) establishes a
connection between the upper Deadhorse Coulee Member and the lower Alderson
Member, it is likely that missing time represented by the middle Alderson unconformity
is correlative with most or perhaps all of the hiatus at the top of the Deadhorse Coulee
Member documented by Payenberg et al. (2002) (From Mumpy et al., 2018).
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The overlying Virgelle sandstones and non-marine deposits of the Deadhorse Coulee
Member form NW -SE-trending shoreline complexes (Glombick and Mumpy, 2014;
O’Connell, 2014). These Milk River sand bodies downlap onto the underlying
successions of the First White Speckled shale (Mumpy et al., 2018). These successions
reach up to ~100 m in the south and thin north- and east-ward into the Alderson Member.
The Alderson Member was first introduced as part of the lower Lea Park Formation by
Meijer Drees and Myhr (1981). Meijer-Drees and Myhr (1981) defined the Alderson
strata as the succession of shallow marine strata representing the transition between the
sandstone-dominated Eagle and Milk River formations and the marine offshore shale
facies of the Lea Park Formation. However, the Alderson Member represents offshore
marine sediments to nearshore sandstones that are younger than the Telegraph Creek,
Virgelle and Deadhorse Coulee members of the Milk River Formation (O’Connell,
2003), and are separated from them by a major unconformity (O’Connell, 2014). The
unconformity, known as the basal Alderson unconformity, truncates the Telegraph Creek,
Virgelle and Deadhorse Coulee Members, and underlies the Alderson Member (Ridgley
2000; Payenberg, 2002; Shurr and Ridgley, 2002; O’Connell, 2003; Pedersen, 2003;
Mumpy, 2009). The basal Alderson unconformity has been recorded both in subsurface
(Ridgely 2000) and outcrop around the WOSPP (Payenberg et al., 2002).
The top of the Milk River, known as the Milk River shoulder, is an informal term used to
refer to a distinctive deflection (shoulder) visible on geophysical well logs. The Milk
River shoulder separates the Milk River Formation from the overlying Pakowki
Formation and can be traced beyond the extent of the Milk River Formation into the Lea
Park Formation. The marker is easiest to recognize on resistivity logs in southern Alberta.
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However, north of Twp. 40 as a second shoulder appears at a slightly lower stratigraphic
level.
Payenberg et al. (2002) demonstrated that the Milk River Shoulder (the top of the
Alderson Member) represents a major hiatus of ~ 2.5 Myr, on the basis of palynology,
ammonite biostratigraphy, and isotope ages. Although, the Alderson Member is bounded
by two major unconformities, the age of the Alderson Member remains poorly
constrained (Shurr and Ridgley, 2002). This is mainly because the hiatus represented by
the Milk River Shoulder has only been documented in the outcrop area around WOSPP
(Payenberg et al., 2002), its duration and extents are uncertain in subsurface areas to the
north and east.
In spite of evidence for different age and the presence of a major unconformity, the
Alderson strata have historically been considered to be part of the Milk River Formation.
This is motivated greatly because of its status as a prolific gas reservoir with the proximal
Milk River sandstone outcrops at WOSPP (e.g. Meijer Drees and Myhr, 1981;
O’Connell, 2003; Mumpy and Catuneanu, 2018).
In southernmost Alberta, the Milk River Formation is overlain by the marine shales of
The Pakowki Formation (Tovell, 1956), which is considered to be equivalent of the
Nomad Member of the Wapiabi Formation in central and southern Alberta foothills, the
upper Lea Park Formation in central Alberta and Saskatchewan, and the Claggett
Formation in Montana.
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The Ardmore bentonite comprises a series of bentonite beds that characterize the lower
Pakowki, and provide a regional age marker at several locations in the Western Interior
(e.g., Payenberg et al., 2002; Hicks et al., 1995).
Based on correlation with equivalent strata of the Eagle Sandstone in Montana, the Milk
River Formation was assigned a Santonian to Campanian age using ammonites (Gill and
Cobban, 1973). However, there is no abundant datable ammonite specimens from the
Milk River Formation and equivalent Wapiabi Formation in southern Alberta (Ridgely,
2000).
Leahy and Lerbekmo (1995) used magnetostratigraphic dating of the Pakowki and Milk
River to place the contact of polarity chron 33r-34n within the Deadhorse Coulee
Member, approximately 38 m above the contact with the Virgelle Member. In their
description of the Milk River formation, Meijer-Drees and Myhr (1981) correlated this
part of the Deadhorse Coulee to the middle and upper members of the Eagle Sandstone in
Montana.
As a result, the base of the polarity chron 33r should be somewhere within the Scaphites
hippocrepis and the Baculiteses sp. (weak flank ribs) zones. Leahy and Lerbekmo (1995)
placed the base of the chron 33r within the lower part of the Baculites sp. (smooth) zone,
which would mark the contact between the 33r-34n in the Campanian. In Europe,
Santonian-Campanian boundary is placed in the lower part of chron 33r (Perchersky el
aI., 1983), which is in contrast with Leahy and Lerbekmo (1995).
Dating of sanidine in the Ardmore bentonite provides an upper age limit of the Milk
River of 80.71 Ma (Hicks et al., 1995).
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Mumpy et al (2009) concluded, from magnetostratigraphic samples from the proximal
and distal sectors of the Western Canada Sedimentary basin that position of the 33r- 34n
polarity chron boundary is present within the lowermost Alderson Member in southcentral Alberta. These findings established a new time line between the 33r-34n boundary
in distal deposits. These findings demonstrate time equivalency between the lower
Alderson and part of the proximal Milk River Formation and between the upper Alderson
and a ~2.5 Ma hiatus documented in southernmost Alberta and northern Montana. As a
result, the 33r-34n polarity chron boundary intersects the position of the basal Alderson
unconformity (Mumpy et al., 2009).
The Milk River Formation is overlain by the Lea Park Formation, which is a regionally
extensive, westward-thinning, fine-grained succession of marine strata. Lea Park
Formation consists primarily of mudstone-dominated succession with interbeds of finegrained sandstone.
In central Alberta, the Milk River shoulder is used to divide the Lea Park Formation into
upper and lower units. The lower Lea Park Formation is equivalent to the Alderson
Member in southern Alberta and Saskatchewan, whereas, the upper Lea Park is
equivalent to the Pakowki Formation in southern Alberta and the Nomad Member in the
central Alberta foothills (Mumpy et al., 2009). The Lea Park Formation extends as a
single body of marine strata extending across the entire WCSB from the Alberta foothills
to the Manitoba Escarpment. Similar to the Pakowki Formation, the top of the Lea Park
Formation is highly cyclic and represents a transitional zone with the overlying Belly
River Group (Mumpy and Catuneanu, 2018).
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1.2.1

Geological Setting

The Western Canada Foreland Basin, in which the Wapiabi Formation was deposited,
was a product of the transformation of the western margin of North America from a
passive to an active margin as result of the subduction of the Pacific plate beneath the
North American plate (Kauffman and Caldwell, 1993). The Phanerozoic sedimentary
succession in the Western Canada Sedimentary Basin accumulated during two main
tectonic stages: (1) a passive margin phase following the breakup of the supercontinent
Rodinia in the Late Precambrian, extending until the Triassic, and (2), a phase of
compression and crustal shortening resulting from the accretion of exotic terranes along
the western margin of North America during the Late Jurassic to early Late Cretaceous
(Columbian Orogeny) and the Late Cretaceous to Tertiary (Laramide Orogeny) (Stott,
1984; Price, 1984, 1994; McMechan and Thompson 1993; Evenchick et al. 2007).
The Coniacian – early Campanian Wapiabi Formation in southern Alberta consists of
successions of predominantly mudstone and siltstone with subordinate units of sandstone,
and reaches a total thickness that varies from 50 to 750 meters. The Wapiabi Formation
was deposited in the Western Interior Seaway that occupied the Western Canada
Foreland Basin. The Wapiabi Formation represents a protracted phase of marine
deposition that preceded the influx of nonmarine deposits that form the Belly River –
Paskapoo Assemblage (Eisbacher., 1979). In southern Alberta, the Wapiabi succession
shows a vertical transition from marine to non-marine and then back to offshore marine
sediments (Rosenthal and Walker, 1987). The base of the Muskiki Member records
marine transgression at the start of the Niobrara cycle (Figure 1.4); transgression reached
a maximum during the deposition
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Figure 1.4. Cretaceous stages with the various transgressive (T) and regressive cycles
(R). The Wapiabi Formation was deposited during the Niobrara cycle and the early onset
of the Claggett cycle. The non-linear vertical scale corresponds to the thickness of the
strata deposited in each cycle. (Modified from Kauffman, 1993; Drake and Hawkins,
2012).
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of the calcareous, weakly-bioturbated silty mudstones of the Thistle Member (Stott,
1984). The Niobrara cycle ended with a period of marine regression recorded by the
Chungo Member followed by a new phase of marine transgression during the Claggett
Cycle, recorded by the offshore mudstones of the Nomad Member (Kauffman, 1977).
The relative sea-level rise throughout the Santonian was proposed to be a result of
regional subsidence of the North American plate due to static and dynamic loading,
accompanied by eustatic sea-level rise (Kauffman, 1977). The prominent wedge of the
Puskwaskau succession suggests a phase of active flexural subsidence in the Western
Interior Basin during the Santonian to Early Campanian (Hu and Plint, 2009).
Throughout the Late Cretaceous, continuous activity along the thrust sheets resulted in
substantial flexural subsidence that buried the bulk of the nearshore to nonmarine part of
the sequence in the proximal part of the basin; whereas, offshore sediments were
preserved in the more distal part of the basin. The main exceptions were the Marshybank
(Late Coniacian) and Chungo members (Late Santonian), which were deposited during
regressive intervals at times of relatively low sea-level (Stott, 1967; Plint and Norris,
1991; Plint et al. 2017).
1.2.2

Paleogeography and Paleoclimate

The global climate of the mid to early Late Cretaceous (Cenomanian – Santonian) is
considered to have been a “greenhouse” (Frakes, 1979; Hallam, 1985) with high global
sea-level. In the Early Turonian, eustatic highstand, that may have been 150-200 m above
the present sea-level, coupled with plate flexure, led to the formation of the Western
Interior Seaway (WIS) of North America that extended from the Tethyan regions in the
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Gulf of Mexico to the Polar Ocean in the north (Kauffman, 1984; Figure 1.5). Within the
Western Interior Seaway, warm seawater from the Tethys mixed with cool water from the
Polar Ocean.
Deposition of the Wapiabi Formation in southern Alberta took place at a paleolatitude of
approximately 58-60°N (Irving et al., 1993; Figure 1.5). The low pole-to-equator thermal
gradient, and weak deep-water circulation during the Late Cretaceous (Turonian –
Cenomanian) led to the development of a strong oxygen-minimum zone and the
widespread deposition of ‘black shales’, rich in organic carbon (e.g. Schlanger and
Jenkyns, 1976; Jones and Jenkyns, 2001). The formation of black shale waned with
cooling temperatures and better oceanic circulation through the Santonian-Campanian
(Jarvis et al., 2006; Friedrich et al., 2012).
Changes in the rate of organic carbon production and storage resulted in global changes
in the 12C-13C ratio in the ocean-atmosphere reservoir; these changes have been used as
the basis for carbon-isotope stratigraphy (Jarvis et al. 2006).
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Figure 1.5. Regional paleogeographic maps of the Western Interior (A) Late Santonian
and (B) Early Campanian stages of the Late Cretaceous. Adopted from Blakey, 2014.
Paleolatitudes from Irving, 1993. Study area outlined in yellow.

22

1.3 Objectives of the Study
These are to address the questions presented at the start of this chapter:
- What were the processes responsible for moving large volumes of mud across the
shelf?
- Is it possible to discriminate between the different controls on accommodation; such as
tectonism and eustasy?
- What is the extent of basement control on the overall sedimentary succession?
The purpose of this study is to carry out a detailed stratigraphic and sedimentological
analysis of the Wapiabi Formation in southern Alberta. The main objectives of this
project were to determine the following:
1) A Temporal Framework: Develop a regional, high-resolution allostratigraphic
correlation scheme for the Dowling to Nomad lithostratigraphic members of the
Wapiabi Formation in southern Alberta between Twps 1 and 36 (Figure 1.6).
Initially, the study adopted the allostratigraphic surfaces mapped by Hu and Plint
(2009) in the area north of Twp 36. The framework was modified to accommodate
additional stratigraphic units that are present in the south.
2) Subsidence History: Construct isopach maps at various scales (alloformation, units
and allomembers) to portray subsidence patterns, from which may be inferred
regional patterns of subsidence.
3) Stratal Architecture: Employ stratal lap-out patterns from the stratigraphic
framework, coupled with isopach maps, to form an understanding of the overall
organization of rock packages, basin-fill history and the stacking patterns within the
sequences (e.g. sheets versus wedges).
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4) Stratigraphic relationships: Determine the relationship between the Wapiabi
Formation in southern Alberta and the Milk River Group in the southernmost part of
Alberta and Northern Montana to resolve the controversy regarding the lateral extent
and correlation of the Chungo Member in west-central Alberta and the Dead Horse
Coulee, Virgelle, and Telegraph Creek formations in Northern Montana.
5) Depositional Environments: Analyze physical and biological characteristics of the
rocks to reconstruct the environments of deposition.
6) Paleogeographic maps: Use wireline logs supplemented by sedimentary facies
observed in outcrop and core to reconstruct the distribution of more sand-rich facies,
from which can be interpreted the evolving paleogeography of the study area during
Santonian - Campanian time.
7) Basement influence: Investigate the possible role of Precambrian basement structures
on sedimentation.
1.4 Data and Methods
The project integrated sedimentological information collected from outcrop sections
along the southern Rocky Mountain Foothills with a set of detailed regional petrophysical
well-logs and cores from the adjacent subsurface. Outcrop gamma-ray logs were used as
a means to correlate the measured outcrop sections across several tens of kilometers of
thrusted strata to the nearest petrophysical well-logs. Sparse drill cores provided
additional lithological information in the northern and central part of the study area.
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1.4.1

Study Area

The study area covers approximately 95,000 km2 of southern Alberta, extending from
range 8W4 in the east to the Foothills of the Rocky Mountains in the west, and from
township 1 (i.e. the Alberta – Montana border) in the south to Township 36 in the north.
Hu (1997) studied the Puskwaskau Formation in Northern Alberta in a region extending
from township 35 to township 73. The overlap between this study and Hu (1997) in Twp
35 permitted the extension of Hu (1997) subsurface correlations into the current study
area. The eastern boundary coincides with two previous allostratigraphic studies
conducted on the underlying Marshybank and Muskiki Members (Grifi, 2012) and the
Cardium Formation (Shank, 2011). Both of these studies, that underlie the studied
interval, included key outcrop sections at Deer Creek, Ferdig and Kevin, Montana (Shank
2011; Grifi, 2012). The western boundary of the study lies within the fold-and-thrust belt
of the Rocky Mountains.
1.4.2

Correlation and Isopach Mapping

1.4.2.1 Petrophysical Well-logs
Over 165,000 well-logs are available in the study area. Using the GeoVista© software
package, donated by Divestco Ltd., approximately 2100 resistivity and gamma-ray logs
were incorporated into a grid of wells spanning the study area (Figure 1.6). Eighteen
cross-sections oriented east-west and eight sections oriented north-south encompassed the
90,000 km2 study area. The north-south cross-sections were spaced ~40 km apart whereas
those oriented east-west were spaced ~20 km apart. These intervals were deemed
reasonable at the time of starting this work. At the end of this thesis, however, more
higher resolution is required to accurately underline the stratigraphy in the study area.
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Figure 1.6 Map of the ~90,000 km2 study area, showing seven cores, seven outcrops and
2100 well logs. Dark triangles represent outcrop before restoration whereas white
triangles represent outcrop sections after restoration.
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A gamma ray log measures the natural radioactive decay of Potassium (40K), Uranium
(238U), and Thorium (232Th); however, the response of gamma ray logs is mostly
dominated by Potassium (40K). Potassium is one of the most abundant elements in clastic
sediments because it is a major component of clay-minerals (e.g. illite), arkoses (Kfeldspar) and some evaporites (e.g. sylvite). In the studied succession, which lacks arkose
or evaporites, gamma-ray readings are mostly affected by the clay content of the rock.
It is important to note that several factors may affect the quality of Gamma-ray readings.
Most of these factors are borehole conditions, such as caving of the borehole, which
diminishes the count-rate. In some instances, selective washing out of sand or mud, or
change of the borehole fluid density will also result in false gamma-ray contrast between
shales and sands. These factors are of primary concern and must be taken into
consideration when viewing gamma ray logs (Asquith and Krygowski, 2006).
On the other hand, resistivity tools measure the bulk resistivity of a formation. Resistivity
is an inherent property of materials, and is associated with the geometric form of the
material. Ohm’s law states that a current I flowing through a material with resistance R is
associated with a voltage drop V
V=IR

(1)

Maxwell’s equations provide a more general form of this equation, used as an additional
relationship, is:
J=σE

(2)
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Where J is the current density, a vector quantity; E, is the electric field; and the constant
of proportionality σ is the conductivity of the material.
In petrophysical measurements, resistivity is a commonly measured formation parameter
and is defined as the inverse of conductivity:
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 ≡ 𝜌 = 1/𝜎

(3)

Most of the minerals that make up the matrix of the rock, and any hydrocarbon within the
pores, are nonconductive. Therefore, the ability of the rock to transmit an electric current
is almost entirely a function of the water in the pore space. Resistivity log measurements
in rocks are based on the concept of electrolytic conduction. Conductivity is primarily a
function of the presence of dissolved salts in water (i.e. water resistivity) and to a lesser
degree on the rock matrix lithology, clay content, and texture (Ellis and Singer, 2007). As
a result, resistivity measurements are often complicated by the invasion of drilling fluids
into permeable rocks. The resistivity tool measures the formation conductivity at several
distances away from the borehole. The obtained readings are converted to resistivity by
multiplying the inverse of the conductivity by 1000. The calculated formation resistivity
value, which ranges between 0.2 – 1000 ohm•m is displayed on a logarithmic scale to
emphasize variations at different lateral depths (Ellis and Singer, 2007).
1.4.2.2 Subsurface Correlation and Isopach Map Construction
Stratigraphic analysis of the Wapiabi Formation uses the allostratigraphic correlation
method, based on tracing marine flooding surfaces that are readily recognized in wireline
logs. These bounding surfaces are correlated to outcrop and core, thus subdividing the
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sedimentary succession on the basis of bounding surfaces, rather than lithology (NACSN,
2005).
Surfer© software was used to construct isopach maps for each allomember in the study
area. More details on Surfer © will be provided in chapter 3. The isopach maps were used
to determine the degree and pattern of subsidence within the basin. Interpretation of
subsidence assumed that the sea floor was a wave-graded ramp with negligible
topography.
1.4.3

Facies and Sequence Analysis

1.4.3.1 Outcrop and Core Sections
Seven outcrop sections were measured in southern Alberta in the summer of 2014 (Figure
1.5). Detailed description of the outcrop lithology, sedimentary structures, and biogenic
features, coupled with outcrop gamma-ray measurements were made; these outcrop logs
were then correlated to the nearest wireline well-log.
Seven cores were logged and integrated into the wireline log grid to provide additional
calibration of the logs as well as facies detail, from which depositional processes could be
inferred. Drill cores used in this study are curated at the Alberta Utilities Board Core
Research Centre in Calgary. Both outcrop and core sections were then interpreted in
terms of physical and biological processes to produce an environmental interpretation of
the stratal units.
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1.4.3.2 Palinspastic Restoration of Outcrop Sections
Because outcrop sections are located along the fold-and-thrust belt, they have undergone
various degrees of displacement from their original, pre-deformation positions. Using
available geological maps and geological cross-sections, it is possible to reconstruct the
original locations of the outcrop sections. The lengths of each individual thrust slice that
intervened between the exposed section and the nearest undeformed subsurface section
was summed to obtain an approximate length that was then used to restore the exposed
section to its original position. A long-standing problem in palinspastic restoration is the
problem of volume balancing of sinuous thrust belts (Cook, 2010). Restoration of dipsections intersecting thrust faults or thrusted slides results in an imbalance in along-strike
lengths of frontal ramps. Furthermore, restoration may produce imbalance in the surface
area of a given stratigraphic horizon resulting in volume imbalance in three dimensions.
1.5 Thesis Organization
This document is organized into six chapters. Chapter one introduced the thesis topic,
background, objectives and method. Chapter two will set the stage by discussing the
Western Canada Sedimentary Basin and the underlying basement complex. Chapter three
will be a portrayal of stratal architecture and subsidence patterns obtained from well-log
correlation tied with outcrop data, and linking the allostratigraphic framework of this
study to other key previous investigations. Chapter four is a discussion of sedimentary
facies, a compilation of sandstone isolith maps and a summary of the paleogeography in
the study area. Chapter five addresses the big question of ‘controls on sedimentation’ –
eustasy, small- and large-scale tectonics and the interplay between sediment supply and
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accommodation, taking into consideration Santonian – Campanian successions. The
conclusions of this study are provided in Chapter six.
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Chapter 2 Sedimentation in foreland basins
2.1 Introduction
Foreland basins are elongate asymmetrical troughs that form along the length of orogenic
belts where crustal thickening leads to isostatic subsidence of the adjacent lithosphere
(Beaumont, 1981; DeCelles and Giles, 1996). Dickinson (1974) was the first to introduce
the term ‘foreland basin’ to describe basins located adjacent to orogenic belts.
This chapter will discuss the tectonic and eustatic controls on sedimentation in foreland
basins with focus on the Western Canada foreland basin. The first part summarizes
foreland basin formation and evolution. The second part will discuss the mechanisms of
sea-level change and their influence on the sedimentary record, the third part will
describe the possible influence of basement control on subsidence in the Alberta foreland
basin.
2.1.1

Formation and Evolution of Foreland Basins

DeCelles and Giles (1996) define a foreland basin as an asymmetric structural depression
developed on continental crust between an advancing orogenic wedge (thrust-belt) and an
adjacent craton (Figure 2.1). As a result of the load applied by the thickened crust in the
orogenic belt, the adjacent lithosphere is flexed downward until isostatic equilibrium is
achieved. The resulting basin is strongly asymmetrical, with a much thicker sedimentary
succession in the foredeep, adjacent to the orogen, thinning towards the peripheral bulge
(forebulge) on the distal side of the basin (Beaumont, 1981; DeCelles and Giles, 1996).
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Figure 2.1. A typical foreland basin with four distinctive components comprising the
wedge-top, foredeep, forebulge, and back-bulge depozones (After DeCelles and Giles,
1996).
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Foreland basin parameters, such as width and volume, are determined by the physical
properties of the underlying lithosphere. The width of a foredeep depozone corresponds
to the distance between the thrust-belt and the crest of the forebulge, and is primarily
governed by the flexural rigidity D of the lithosphere and is half the flexural wave length.
Flexural rigidity defines both the wavelength of flexure and magnitude of the surface
loads that the lithosphere can withstand without reaching elastic failure (Turcotte and
Schubert, 2002). Flexural rigidity is a function of the Elastic Modulus and Poisson’s
ratio, both of which are dependent on the mineralogy, thickness and temperature of the
continental lithosphere undergoing stress. As a result, foreland basins formed on plates
with low flexural rigidity will be deep and narrow with flexural wave length of ~ 100 km
(Watts, 1992). Examples include those foreland basins associated with the Alpine
orogeny, such as the Ebro (Zoetemeijer et al., 1990) and Alpine (Sinclair et al., 1991).
Conversely, plates with high flexural rigidity will generate wide and shallow foreland
basins with flexural wave length of ~ 500 km (Watts, 1992) such as the Western Interior
Basin of North America (Beaumont, 1981; Beaumont et al., 1993; Jordan, 1981). Based
on depositional states, foreland basins are classified as under-filled, filled or over-filled
(Allen et al. 1991; Figure 2.2). The three states of basin fill are governed by the ratio
between the rate of subsidence and the rate of sediment supply. An under-filled foreland
basin displays a subsidence rate that exceeds the rate at which sediment is delivered. In
such a case, the foredeep may be filled with water (sea or lake). In contrast, in an
overfilled foreland basin, subsidence rate is exceeded by a high rate of sediment supply,
resulting in shallow marine systems, deltas, and subaerial alluvial sedimentation. Where
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subsidence rate and sediment supply are balanced, the basin is described as a filled
foreland basin.
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Figure 2.2 Evolution of a foreland basin fill: A) underfilled stage (continental), and B)
overfilled stage (Jordan 1995).
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On the basis of plate tectonic setting, Dickinson (1974) divided foreland basins into two
main types: retroarc and peripheral (Figure 2.3). Retroarc foreland basins are formed in
an Andean – type subduction environment because of oceanic-continental plate
interaction. Retroarc foreland basins are developed on the over-riding plate (Dickinson,
1974; Jordan, 1981). The basin commonly develops on continental crust of normal to
greater than normal thickness, with a high flexural rigidity. Examples include the
Western Interior Basin of North America (Kauffman and Caldwell, 1993), the PapuaNew Guinea Basin and the Sierras Pampeanas Basin of Argentina (Jordan and
Allmendinger, 1986). Because of the limited subsidence, coupled with abundant clastic
sediment input, the basin fill is primarily composed of terrestrial to shallow marine
sediments.
Peripheral foreland basins are formed in continent-continent collisional environments and
develop on the subducting plate adjacent to a suture zone in front of the thrust belt
(Beaumont, 1981; Jordan, 1981). Peripheral foreland basins commonly develop on
continental crust that has been thinned because of previous extension. Thinned
continental plates are characterized by low flexural rigidity (Watts, 1992), and result in
the formation of deep and narrow foreland basins. The sedimentary succession in
peripheral foreland basins records an early phase of rapid subsidence dominated by
turbidite deposition. Subsequently, a slower phase of subsidence is typified by the
deposition of coarse-grained, non-marine clastic sediment (DeCelles and Giles, 1996).
Good examples of peripheral foreland basins include collisional basins across Europe that
formed during the Alpine orogeny such as the Flysch-Molasse along the Alpine chain,
and the Indo- Gangetic foreland basin (DeCelles et al., 1998).
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Figure 2.3. (A) Schematic diagram showing the principal loads in peripheral foreland
basin systems. In addition to the topographic and sediment loads, a subduction load, due
to a vertical shear force (V) and bending moment (M) on the end of the subducted slab,
may exist at depths of 50-200 km (Royden, 1993). (B) Retroarc foreland basin systems
involve topographic and sediment loads as well as a dynamic slab load caused by viscous
coupling between the subducting slab, overlying mantle-wedge material and the base of
the overriding continental plate (Mitrovica et al., 1989; Gurnis, 1992). Adapted from
DeCelles and Giles (1996).
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2.1.2

The Retroarc Foreland Basin System

Although the proximal foredeep was emphasized in early studies of retroarc foreland
basins (Price, 1973), DeCelles and Giles (1996) pointed out that these basins consist of
four distinct depozones. DeCelles and Giles (1996) expanded the foreland model by
introducing the term foreland basin system, within which they recognized the wedge-top,
foredeep, forebulge, and back-bulge depozones (Figure 2.4).
The wedge top depozone encompasses the front part of the orogenic wedge that extends
up to tens of kilometers in width into the orogen. Most of the wedge top is buried under
the syn-orogenic sediment eroded from the orogenic belt. These sediments are deposited
within relatively small, ‘piggyback’ basins located between thrust sheets. The proximity
of the wedge-top depozone to the fold and thrust belt results in high rates of
sedimentation, but also of early deformation and re-erosion of sediment. Syn-tectonic
sediments are characterized by extreme textural and compositional immaturity, typically
dominated by coarse-grained alluvial sediment (DeCelles and Giles, 1996).
Sedimentary successions of the wedge top are characterized by abundant unconformities
and various types of folds and faults (DeCelles and Giles, 1996).

39

Figure 2.4. A cross-section of illustrating the foreland basin system, showing four distinct
depozones in relation to Western Canada Sedimentary Basin. Adapted from DeCelles and
Giles (1996).
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Adjacent to the wedge top is the foredeep depozone, which represents the main repository
for sediment derived from the orogen; typically, less sediment is contributed from the
craton (DeCelles and Giles, 1996). In cross-section, the foredeep is wedge-shaped with a
maximum thickness adjacent to the orogen. Although less common, deep water sediment
may be present within the foredeep (Jordan, 1995); such sediments are typically
deposited in the early stages of foreland basin formation. In a classic foredeep,
sedimentary successions are dominated by coastal plain deposits adjacent to the orogenic
belt, passing basin-ward into shallow marine sediments and then distal marine deposits.
On the craton side of the basin is the forebulge depozone. The forebulge is a minor
positive feature with a width of 60-470 km and a height of a few tens to a few hundreds
of meters (DeCelles and Giles, 1996). Forebulge formation and migration is a result of
flexural loading and unloading of the lithosphere, caused by changes in the mass of the
orogenic belt resulting from thrusting and erosion (Beaumont, 1981; Jordan and
Flemings, 1991). Loading the lithosphere results in the forebulge rising and shifting
towards the imposed load, whereas unloading the lithosphere will lower the forebulge
and cause it to migrate away from the load (Beaumont, 1981; Beaumont et al. 1993). The
amplitude (uplift) and wavelength (width) of the forebulge are controlled by the flexural
rigidity and thermal properties (age-dependent) of the lithosphere. A narrow, relatively
high forebulge may form where the lithosphere is hotter or weaker (Waschbusch and
Royden, 1992), whereas wider and less prominent uplift may occur on a cooler or more
homogenous plate (Beaumont, 1981). In sub-aerially- exposed environments, the
forebulge depozone is dominated by erosion or non-deposition, both of which generate
subtle unconformities and significant gaps in the rock record. An excellent example is the
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“Base Fish Scales” marker in the Western Interior Basin, which marks basin-wide
submarine erosion. Chemical deposits such as ironstone, phosphates, and carbonates are
typical deposits of this depozone (DeCelles and Giles, 1996; Donaldson et al. 1999).
The backbulge depozone is a shallow depression situated between the forebulge
depozone and the subaerially exposed craton. It is characterized by low sediment supply,
predominantly contributed by both the craton and the orogenic belt in the case of an
overfilled foreland basin (DeCelles and Giles, 1996). A very low subsidence rate results
in thin stratigraphic units with sheet-like geometry (Flemings and Jordan, 1989).
The overall width and degree of subsidence of a foreland basin is determined by the
flexural rigidity of the lithosphere (Catuneanu, 2004) and the magnitude and distribution
of emplaced loads (McMechan and Thompson, 1993; Catuneanu, 2004). On a relatively
old, cool and rigid continental plate, such as North America, the resulting foreland basin
would be relatively wide and shallow (flexural wavelength ~ 500 km); an example is
provided by the Western Canada foreland basin (Price, 1994). On the other hand, a
relatively young, hot and weak lithosphere would respond by forming a narrower, deeper
basin (flexural wavelength ~100 km); such as the Alpine Foreland Basin (Watts, 2001).
2.1.3

Subsidence and Sedimentation in Retroarc Foreland Basins

Early studies of foreland basins established that flexural subsidence of the lithosphere
was caused primarily by the static load of the orogen (e.g., Beaumont, 1981; Jordan,
1981). However, both the vertical deflection and flexural wavelength of the lithosphere in
foreland basins are significantly larger than can be explained by the static load alone
(Beaumont, 1984). Flexural subsidence extends a few hundred kilometers away from the
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orogen, which represents only part of the total basin width. In order to explain the
additional width of the basin, another mechanism, “dynamic loading”, was introduced as
a result of modelling studies (Mitrovica and Jarvis, 1985; Mitrovica et al. 1989).
These studies demonstrated that the cool subducting oceanic plate generates a drag force
on the overlying lithosphere as it descends into the mantle. The asthenospheric mantle
material becomes entrained in a wedge-shaped triangle of descending material (Mitrovica
et al., 1989; Liu and Nummedal, 2004). The “dynamic topography” produced on the base
of the overlying continental lithosphere is the result of the viscous coupling between the
base of the lithosphere and the entrained asthenospheric material. The resulting dynamic
subsidence extends far beyond the flexural foredeep (Figure 2.5; Burgess and Moresi,
1999). The wavelength over which the upper plate is dynamically flexed increases as the
dip angle of the subducted plate decreases. Flexural and dynamic subsidence, in
combination, are responsible for much of the observed subsidence within the foreland
basin, which is increased by the isostatic load of water and/or sediment (Catuneanu,
2004).
There has been much debate about the long-term behavior of the lithosphere in response
to loading. One school (e.g. Flemings and Jordan, 1989; Jordan and Flemings, 1991;
Sinclair et al, 1991) infers an elastic response, whereas another school (e.g. Beaumont,
1981; Quinlan and Beaumont, 1984) infers a viscoelastic behavior or a combination of
rheological responses (Beaumont, 1984).
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Figure 2.5. Relationship between migration of the orogenic wedge, and the foreland
basin. Flexure zones are created by both the orogenic wedge load and the dynamic load.
Dynamic loading is a result of drag associated with the subducting plate, which creates
corner flow in the viscous asthenosphere (Adapted from Catuneanu, 2004).
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An elastic model of the lithosphere assumes constant flexural rigidity over time and
constant surface load, implying that the lithosphere would return to its original state
following the removal of the load (Beaumont, 1981; Jordan, 1981; Flemings and Jordan,
1989; Figure 2.6A).
On the other hand, a viscoelastic model predicts a flexural rigidity that varies through
time, which results in relaxation following surface loading. Visco-elastic relaxation
results in narrowing and deepening of the basin and migration of the forebulge towards
the orogenic load (Beaumont, 1981; Quinlan and Beaumont, 1984; Beaumont et al.,
1993; Figure 2.6B).
Quinlan and Beaumont (1984) proposed a non-uniform viscoelastic model in which they
assumed that the viscosity increased dramatically with decreasing temperature. The
model showed that deeper, hotter and less viscous lithosphere would relax rapidly
following load-induced stress, whereas, the upper, cooler and more viscous parts of the
lithosphere would retain the stress and relax over progressively longer periods of time.
The model suggested that a predominantly elastic behavior in the upper part of
lithosphere (relaxation times of billions of years) and viscoelastic response in the lower
part (relaxation times of 0.1-10 Ma) (Quinlan and Beaumont, 1984). On balance,
stratigraphic evidence seems to support the elastic model of foreland basin behavior
(Jordan, 1981; Flemings and Jordan, 1989; Jordan and Flemings, 1991; Plint et al., 2012;
DeCelles and Giles, 1996).
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Figure 2.6. Elastic and viscoelastic response to loading. A) An elastic lithosphere flexes
geologically instantaneously when a load is applied. The flexure remains constant until
the load is removed, at which point the plate returns geologically instantaneously to the
pre-load profile. A decrease in the flexural rigidity of the plate shortens the flexural
wavelength. Beaumont (1981). B) A viscoelastic lithosphere responds initially like an
elastic plate, but subsequently relaxes in response to a constant load. Relaxation refers to
the progressive decrease in flexural rigidity (i.e. decreasing flexural wavelength).
Throughout the duration of the load, causing a changing shape of the flexed plate and
migration of the forebulge. The lithosphere also relaxes during unloading. Numbers 1-6
indicate time-profiles, given a constant load. Beaumont et al. (1993).
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There is general agreement that flexural subsidence due to static load is the primary
mechanism responsible for generation of accommodation within the foredeep (Beaumont
and Quinlan, 1984; Flemings and Jordan, 1989). Sediment supply is influenced by the
erosion rate in the orogen. However, there are other factors that influence the ratio of
accommodation to sediment supply; such as the topographic slope, climate, and sea-level
changes (DeCelles and Giles, 1996).
In a classical retroarc foreland basin, the sedimentary fill has wedge-shape geometry
when considered as one succession, where thickness increases towards the orogenic belt.
The wedge-shaped geometry results from the asymmetrical subsidence caused by the
load of the orogen. During periods of rapid flexural subsidence, sediment transport
basinward, especially that of coarse sediment, is greatly inhibited (Figure 2.7). Rivers can
move coarser sediment, such as sand and gravel, only a short distance into the basin
owing to the rapid decrease in gradient caused by the rapid subsidence. Conversely,
periods with low rates of thrusting in the orogen result in a lower subsidence rate and
even erosional isostatic uplift. Such conditions promote the progradation of coarsegrained clastics far into the basin, which results in sedimentary successions with a tabular
geometry (e.g. Heller et al., 1988). Tabular successions are typically composed of coarse
sediments, particularly sandstone and conglomerate, which were able to migrate further
into the basin because of a lower rate of flexural subsidence, and consequently steeper
river-gradients. Both wedge and sheet geometries have been well-documented from the
rock record, and support modelling studies (e.g. Heller et al., 1988; Jordan & Flemings,
1991; Varban and Plint, 2008a, b; Plint et al., 2012; Buckley et al., 2016; Plint et al.,
2017).
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Figure 2.7. Illustrates A) Subsidence during thrust loading results in a wedge geometry in
which coarse material tends to be restricted to the proximity of the thrust belt. B) Isostatic
rebound post orogenic thrusting allows coarser sediment to prograde further into the
basin. Sediment previously deposited may also get eroded and reworked. Adapted from
Heller et al., 1988.
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2.1.4

The Western Canada Sedimentary Basin

The Western Canada Sedimentary Basin (Figure 2.8), has undergone two main phases of
tectonic evolution (Price and Mountjoy, 1970): (1) a passive margin phase following the
breakup of the supercontinent Rodinia in the Late Precambrian and persisting until the
Triassic, and (2) a phase of compression and crustal shortening resulting from the
accretion of exotic terranes along the western margin of North America. This second
phase occurred in the Late Jurassic to early Late Cretaceous (Columbian Orogeny) and
the Late Cretaceous to Tertiary (Laramide Orogeny) (Stott, 1984; Price, 1984, 1994;
McMechan and Thompson, 1993).
The passive margin phase was characterized by recurring marine transgression and
regression, with mixed clastic and carbonate sedimentary successions that prograded
from the northeast towards the western margin of the craton (Kauffman and Caldwell,
1993). In the Cambrian, the region was influenced by rifting processes and block faulting
(Kent, 1994). During the Cambrian to the Middle Jurassic, the North American craton
experienced slow thermal subsidence that, in combination with location in the southern
tropics, promoted the growth of reefs and carbonate ramps.
During the Jurassic and Cretaceous, the opening of the Atlantic Ocean resulted in the
North American plate moving westwards resulting in the collision and accretion of
terranes in the western Omineca and eastern Intermontane belts of the Intermontane super
terrane (Cant and Stockmal, 1989; Kauffman and Caldwell, 1993). The accretion event,
known as the Columbian Orogeny, resulted from the subduction of the Farallon Plate
(Ricketts, 2008), and is recorded by high grade metamorphic rocks of the Omineca Belt
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Figure 2.8. The location of the Western Canada Sedimentary Basin between the Canada –
U.S. border and 60° North. The eastern limit of the fold and thrust belt is shown by the
dashed line with triangles, are the four accreted terranes that form the Mesozoic portion
of the Rocky Mountain orogen (after Ricketts, 1989).
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(Leckie and Smith, 1992). Evenchick et al. (2007) tectonically reconstructed the
southern orogenic belt and produced a structural history throughout the Mesozoic– early
Cenozoic. In their synthesis, Evenchick et al. (2007) illustrate how the orogenic belt
evolved from a predominantly west-verging accretionary orogen, ~300 km wide in the
Middle Jurassic into an ~1000-km-wide bivergent orogen in the mid-Cretaceous. By the
mid-Cretaceous, two major detachment systems extended across the entire orogen from
the active margin to the eastern front of the deformation belt (Figure 2.9; Evenchick et
al., 2007).
In summary, the accretion of exotic terranes resulted in the development of the fold and
thrust belt along the western margin of North America; thrusting and folding involved
both Paleozoic and Mesozoic sedimentary rocks. Subsequent erosion of the fold and
thrust belt resulted in sediment deposition in piggyback basins straddling the belt, and in
the developing foreland basin to the east.
During the mid-Cretaceous, global transgression resulted from rapid plate motion and
possible emplacement of plumes in the eastern Pacific Ocean (Larson 1991a, b). This
global transgression was accompanied by westward tilting of the North American Plate,
caused by flexural and dynamic subsidence, which resulted in episodes of marine
flooding of the craton, from both the north and south (Mitrovica et al., 1989; Kauffman
and Caldwell, 1993). The Western Interior Seaway formed in the mid-Cretaceous as
warm water from the Gulf of Mexico in the south mixed with cool water from the Polar
Ocean in the north.
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Figure 2.9. Cross sections illustrating major depositional, structural, metamorphic, and
plutonic events in the foreland basin and the Rocky Mountain orogen. All cross-sections
trend SW- NE (From Evenchick et al., 2007).
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Relative sea-level rise throughout most of the Santonian – Campanian was proposed to
have resulted from regional subsidence of the North American plate due to static and
dynamic loading, accompanied by eustatic sea-level rise, attributed to accelerated seafloor spreading in the Pacific (e.g. Larsen, 1991). An increase in the ocean floor
spreading rate resulted in a regional-scale thermal elevation of the sea-floor. This
elevation was accompanied by a decrease in the overall volume of the ocean, leading to
eustatic sea-level rise. The proposed high sea-floor spreading rate as the cause of eustatic
rise has been challenged by other workers because of limited evidence (Heller et al.,
1996; Rowley, 2002). Among the alternative mechanisms that could have produced
significant long-term high eustatic sea-level, Heller et al. (1996) suggested changes in the
area-age distribution of the ocean floor as a result of tectonically-driven reconfiguration
of ocean basins, including the formation of new ridges and new epicontinental seaways
(Miller et al., 2005), continental crust extension during breakup, and massive volcanic
eruptions on the oceanic plate (Larson, 1991a, b; Friedrich et al., 2012).
Across Western Canada, marine transgressions and regressions took place from the Early
Albian to the Paleocene, resulting in the deposition of regional sheets of marine
mudstone, interstratified with shallow marine sandstone and conglomerate (Leckie et al.,
1994). The Wapiabi Formation, deposited between the Coniacian and Early Campanian,
is an example of this transgressive-regressive cyclicity.
During the Eocene, plate movement switched from a compressional to a transtensional
regime, mountain-building processes came to a halt, and the rate of erosion exceeded the
rate of uplift. The erosional removal of a substantial thickness of the post-Mesozoic
successions resulted in isostatic rebound of the lithosphere, which promoted uplift of the
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foreland basin (Kauffman and Caldwell, 1993; Price, 1994; McCausland et al., 2006,
Plint et al., 2012).
Previous regional studies of mudstone-dominated sequences in Western Canada reported
dramatic lateral migration of flexural depocenters along the orogenic belt in response to
inferred changes in the locus of active thrusting (Varban and Plint, 2008; Hu and Plint,
2009; Plint et al., 2012). These lateral shifts occurred over hundreds of kilometers on
timescales of a few hundred thousand years.
2.2 Eustatic and Relative Sea Level Changes
Eustatic sea-level change refers to sea surface oscillation on a global scale relative to a
fixed datum, such as the center of the Earth (Posamentier et al., 1988). Eustasy plays a
significant role in controlling relative sea-level change, and therefore sequence
development. Vail et al. (1977) presented an entirely eustatic mechanism to explain
stacking patterns of sedimentary sequences. Posamentier et al. (1988) revised this
mechanism in terms of both eustatic and tectonic subsidence, and introduced the concept
of relative sea-level change (Figure 2.10).
Eustatic sea level changes are difficult to detect in the rock record due to lack of a fixed
datum of reference. Several mechanisms can produce a change in global sea level:
(1)

Changes in the volume of ocean basins (Miller et al., 2005). At times of

accelerated sea-floor spreading, the new lithosphere is hotter and hence more buoyant,
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Figure 2.10. Relationship between eustatic sea level and relative sea level (Adapted after
Posamentier and Vail, 1988).
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and results in a smaller ocean volume and consequent displacement of ocean water onto
continental margins. These “tectono-eustatic” changes take place over tens to hundreds of
millions of years (Miall, 1997).
(2)

Sea level changes driven by the development of continental ice sheets. A

substantial volume of water is stored when ice sheets grow, resulting in global sea level
fall. These glacio-eustatic changes typically occur on a time scale of ~100,000 years (e.g.
Miall 1997). It is important to note that smaller-scale glaciations can also cause sea level
fall, but on a correspondingly smaller scale.
(3)

Minor eustatic change has also been attributed to thermal expansion and

contraction of the ocean which can be up to about 5 m, and occurs on a time scale of 10s
to 10,000s years (Revelle, 1990). There is also evidence that water storage in terrestrial
aquifers can affect eustatic sea-level by a few metres (Revelle, 1990; Miall, 2010).
Sedimentary basins exist primarily because of tectonic subsidence, which generates
‘relative sea-level rise’. This can be modulated by eustatic rise and fall. The term
“relative sea level” is used to describe changes in accommodation relative to a local
datum, such as a stratigraphic datum, or the sea floor (Posamentier et al., 1988). Relative
sea level rise (eustatic rise or basin subsidence) generates ‘accommodation’ – i.e. space
for potential sediment accumulation, whereas relative sea level fall (eustatic fall or basin
uplift) removes accommodation and potentially results in erosional removal of the
sedimentary record. Accommodation generation or removal, due to relative sea-level
change, could be used in the interpretation of the depositional history of stratigraphic
successions. However, in non-marine environments, where variations in relative sea-level
have less significant influence on sediment supply, climatic and tectonic controls are
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more important in controlling facies distribution and sediment stacking patterns (Shanley
and McCabe, 1994).
2.3 Basement Control on Subsidence
Most models that depict the formation and evolution of a foreland basin are constructed
on a hypothetical homogenous lithosphere (Beaumont, 1981; Jordan, 1981). In reality,
the continental lithosphere is heterogeneous, being composed of an amalgam of accreted
Precambrian terranes. Boundaries between terranes may be relatively weak and may
deform differently in response to applied stress. Due to the preferential propagation of
stress across terrane boundaries, subsidence (or uplift) of the different blocks may occur
at different rates and can result in the formation of local arches and basins (Catuneanu,
2004). Hence, these structural features represent an additional factor that can control
accommodation generation in a foreland basin.
Beneath Alberta, twenty-three heterogeneous regions (or domains) have been mapped
within the Precambrian basement, using aeromagnetic and aerogravity surveys, and U-Pb
geochronology (Ross et al., 1991; Villeneuve et al., 1993; Pilkington et al., 2000; Figure
2.11). Aeromagnetic mapping utilizes magnetic anomalies recorded in ferromagnetic
minerals in igneous or metamorphic rocks. The higher the percentage of ferromagnetic
minerals, the higher the positive anomalies detected by aeromagnetic mapping. On
magnetic maps, curvilinear patterns with positive anomalies are interpreted as magnetic
belts – zones with a higher density of magnetic minerals (Figure 2.12).
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Figure 2.11 Precambrian basement domains of Alberta and north-eastern British
Columbia based on horizontal gradient of Bouguer anomaly (mgal/km) (after Ross et al.,
1991, Villeneuve et al., 1993; Pilkington et al., 2000). The basement domains outlined by
dashed white lines are based on aerogravity, aeromagnetic data and geochronology.
Study area is outlined by the solid white line.
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Figure 2.12. Aeroagnetic map of Alberta from Pilkington et al. (2000). Magnetic data
after reduction to the pole using a constant value for the geomagnetic field inclination of
76.5°N and 22°E for the declination. Intensity of magnetic field is measured using nTesla
unit. The study area is outlined by the solid blue line.
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Negative magnetic anomalies may also occur within magnetic rocks, and result from the
reduction of higher ferromagnetic minerals to lower ferromagnetic forms due to
metamorphism (Robinson et al., 1985). The influence of these domains on patterns of
sedimentation has been documented in high-resolution stratigraphic studies (e.g.
Donaldson et al, 1998; Kreitner and Plint, 2006). The stratigraphic evidence from
Mesozoic strata shows that terranes are susceptible to subtle differential flexure, in part
dependent on the direction in which the stress is applied.
In southern Alberta, stratigraphic patterns have been documented on the basis of isopach
mapping of Coniacian strata in the area adjacent to the Medicine Hat block and Vulcan
structure. Changing subsidence patterns were interpreted in terms of the reactivation of
Archean basement blocks (Grifi et al., 2013).
2.3.1

Medicine Hat Block

The Medicine Hat Block (MHB) constitutes a tectonically complex gneissic domain in
southern Alberta, dated to ~ 2.6 to 3.3 Ga. (Lemieux, 1999; Lemieux et al., 2000). In the
Cordillera, deformed Mesozoic and Cenozoic sediments have been thrust over the
western margin of the MHB, whereas the eastern margin is bounded by the Early
Proterozoic Trans-Hudson Orogen (Lemieux et al., 2000). To the south, the MHB is
bounded by the Great Falls tectonic zone, whereas to the north it is bounded by the Early
Proterozoic Vulcan structure (Figure 2.13). Aeromagnetic maps of the MHB allowed the
recognition of prominent N-S and NW-SE linear anomalies that are characterized by long
wavelength magnetic signatures (Pilkington et al., 2000). These signatures have been
proposed to relate to sources deep within the crust and mantle.
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Figure 2.13. Schematic block diagram of the Medicine Hat Block crustal structure
illustrating geometric relationships between magnetic anomaly trends and the strike of
the basement fabrics established from seismic reflection data (from Lemieux et al., 2000).
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The LITHOPROBE Southern Alberta Lithospheric Transect ‘SALT’ showed that the
MHB could be divided into five zones, numbered 1 through 5 (Ross and Eaton, 1999).
Each zone corresponds strongly to magnetic signatures revealed by aeromagnetic
surveys. In particular, weak seismic reflectors within Zone 3 display strong alignment
with the N-S and NW-SE trending linear features on the aeromagnetic maps of the MHB
block.
Lemieux et al. (2000) proposed two main stages of deformation of the crust underlying
the MHB. During the first stage (Late Archean), two domains, the MHB and the Loverna
Block collided along a crustal-scale ramp leading, to the partial amalgamation of the
Loverna Block with the MHB crust. The second stage (Early Proterozoic) involved
crustal shortening attributed to the formation of the Vulcan structure, which is interpreted
to represent a collision belt between the MHB and Loverna blocks (Eaton et al., 1999).
Shurr and Rice (1986) documented the relationships between basement blocks and
regional scale lineaments and demonstrated that recurring reactivation along fault blocks
may have resulted from changes in the stress field (Figure 2.14). Sedimentation patterns
in late Santonian – early Campanian strata in Montana; e.g. Eagle and Telegraph Creek
Formations, have been interpreted to reflect reactivated lineament-bounded basement
blocks in Montana and South Dakota (Shurr and Rice, 1986). They attributed the
paleotectonic activity on the lineament bounded-blocks to have resulted from changes in
the horizontal forces associated with the orogenic belt and also forces caused by the
vertical movement of the North American plate.
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Figure 2.14. An illustration of fault-bounded basement blocks, reflected by linear features
along the surface (after Shurr and Rice, 1986).
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2.3.2

Vulcan Structure

Continent-scale gravity surveys suggest that the Vulcan structure represents a principal
suture zone between the Wyoming Province to the south and the Hearne Province to the
north (Eaton et al., 1999; 2000; Hope and Eaton, 2002). The Vulcan structure (Figure
2.13) marks the tectonic boundary resulting from the collision of the Medicine Hat and
Loverna Blocks. High-resolution gravity and associated magnetic data show a major easttrending negative-positive couplet anomaly that is more than 350 km long and 40 to 70
km wide. A companion set of seismic reflection data from the same area concluded that
the Vulcan structure may mark the position of a subduction zone along which the lower
crust of the Loverna Block was partially under-thrust beneath the Medicine Hat Block
(Eaton et al., 1999).
The definition of the Vulcan structure was revised by Eaton et al. (1999) to include the
negative magnetic Vulcan low and the adjacent Matzhiwin magnetic high. The narrow
axial gravity low and high magnetic anomalies that constitute the Vulcan structure were
attributed to a large, magnetite-bearing granite pluton embedded in the middle crust. On
the other hand, the prominent gravity highs on either side of the Vulcan structure were
interpreted to be thrust slices that were ejected towards the surface from the lower crust
and/or mantle during subduction.
To the southeast, the Vulcan aeromagnetic anomaly gradually disappears into the
aeromagnetic anomaly of the Trans-Hudson Orogen (Ross, 1997). To the west, the
Vulcan structure is not clearly defined due to difficulties in implementation or
extrapolation of potential field methods beneath the Cordillera (Cook et al., 1992). The
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Cordilleran over-thrust belt results in a reduction of the amplitude of ferromagnetic
anomalies due to the progressive burial of basement rocks. Gravity data are also obscured
because of the prominent low Bouguer anomaly caused by the Cordillera (Cook et al.,
1995).
Stratigraphic and structural analysis of the Phanerozoic cover strata in southern Alberta
show that, on a local scale, the Vulcan structure influenced the development of the
Canadian Cordillera in southern Alberta (Kanasewich, 1968; Price, 1996) and paleodrainage of overlying successions (Zaitlin et al., 2002).
Grifi et al. (2013) concluded, from a comparison between isopach maps of the Muskiki
Member of the Wapiabi Formation and the regional aeromagnetic map of southern
Alberta, that subsidence patterns in the Coniacian corresponded spatially to aeromagnetic
anomalies in the Precambrian basement. The lowermost of three Coniacian stratigraphic
units showed slight thickening over the negative magnetic anomaly of the Vulcan
structure, whereas, the middle unit thinned rapidly over the southwest margin of the
Orion Low – a prominent aeromagnetic low within the MHB. The Vulcan Structure and
the Orion Low were interpreted as flexural hinges within the basement that were affected
by tectonic loading within the Cordillera. The induced stress from the west propagated
parallel to these zones of weakness leading to differential flexure across these boundaries.
The Orion belt coincided with a topographic trough, which was interpreted to have
developed as a result of reactivation of pre-existing thrust faults as normal faults during
Coniacian extension (Grifi et al., 2013; Figure 2.15). Additional study of the underlying
(Late Turonian) Cardium Formation also showed evidence of subtle differential
subsidence immediately above the Vulcan structure (Shank, 2011).
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North of the Vulcan structure are the Matzhiwin High, Loverna Block and Eyehill High
(Figure 2.12). Matzhiwin High is the region located immediately north of the Vulcan
structure and is characterized by a positive aeromagnetic anomaly and an east-trending
outline that approximated the adjacent Vulcan structure and terminates to the east against
the northern edge of the Vulcan structure and to the west against the fold and thrust belt
(Ross et al., 1991). Loverna Block lies north of the Matzhiwin High in the northwestern
part of the study area, and is characterized by a broad, moderate aeromagnetic anomaly
with minor moderate, positive aeromagnetic signatures. The moderate aeromagnetic
anomaly of both Loverna and Matzhiwin High has been attributed to ferrimagnetic
minerals within their igneous and metamorphic component rocks. To the northwest of the
Loverna Block is the northeast-trending Lacombe domain, which is characterized by
variable low to moderate aeromagnetic anomalies (Ross et al., 1991; Villeneuve et al.,
1993; Pilkington et al., 2000). Lacombe domain has been reported to consist of the only
low-grade supracrustal rocks in the Alberta Foreland basin (Ross et al., 1991).
The Eyehill High marks the eastern edge of the study area, and is characterized by a
strong positive magnetic anomaly that is attributed to its granulitic gneiss composition. A
narrow region of low aeromagnetic anomaly separates the Loverna Block on the west
from the Eyehill High to the east coincides with a gravity gradient suggesting a strong
break between the two domains (Ross et al., 1991; Pilkington et al., 2000). The Eyehill
High and the Loverna Block have been interpreted to have recorded periods of significant
crustal shortening in the basement of central Alberta during the Early Proterozoic (Ross
et al., 1995). This interpretation has been supported by seismic reflection data that
indicated WNW-trending contractional structural features (Ross et al., 1995).
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2.3.3

Sweetgrass Arch

Previous work dating to 1916 recognized the Sweetgrass Arch as a broad structural
feature that extended ~ 150 km from Montana northwards into Alberta (Tovell, 1958; and
references therein; Figure 2.15). The term Sweetgrass Arch has been used to refer to a
large, intrabasinal Precambrian structure that corresponds to a crustal zone of weakness
beneath southeastern Alberta, southwestern Saskatchewan and northwestern Montana
(Kent, 1994). The Arch strikes parallel to the depositional strike of the Western Canada
Sedimentary Basin, and is considered to separate the Alberta Basin to the west from the
Williston Basin to the east.
A number of studies suggested that the Arch has been active several times, with the most
intense activity recorded during the Devonian and Carboniferous (Herbaly, 1974; Lorenz,
1982). Following the Laramide orogeny, the Sweetgrass Arch appears as a northwardplunging compound antiform, with three main components. Two northwest-trending
structural features comprise the South (Arch) Dome at Great Falls, Montana and the
Kevin–Sunburst Dome that straddles the Alberta-Montana border. The third component
is the northeast-trending, northeast-plunging Bow Island Arch in Alberta (Mischener
1934; Tovell 1958). The tectonic origin of the South and Bow Island arches is not wellunderstood; the Sweetgrass Arch has been suggested to be an atypical structural
forebulge (Lorenz, 1982). Lorenz (1982) suggested a depth-dependent brittle, elastic and
ductile rheological model to explain the behavior of the Sweetgrass Arch, however, the
model was not successful at explaining the absence of similar structural forebulges along
the rest of the fold and thrust belt.
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Figure 2.15 Map showing the three main elements of the Sweetgrass Arch: KevinSunburst dome, South Arch, and Bow Island Arch. Structural contour lines adapted from
Lorenz (1982). The Upper Coniacian Trough was defined by Grifi et al. 2013). Adopted
from Grifi et al. (2013).
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Shallow marine, mid Jurassic to early Campanian strata in the Alberta foreland basin thin
by ~150 over the crest of the Bow Island Arch (Mischener, 1934). This thinning was
interpreted to be indicative of syn-depositional tectonic uplift of the arch. Paleontological
investigation of ammonites of late Campanian – early Maastrichtian age in the Bearpaw
Shale attributed the persistence of dysoxic bottom water conditions in the southern
Foothills to the uplift of the Sweetgrass Arch (Tsujita and Westermann, 1998). Tsujita
and Westermann (1998) suggested that the structural configuration of the Sweetgrass
Arch as a topographic high during the Late Cretaceous (Stelck, 1975) suppressed the
exchange of periodically oxygenated bottom waters between the closed Alberta Basin
and the open Western Interior Seaway to the southeast.
Stratigraphic studies of Coniacian - Campanian strata of southern Alberta suggested that
relative movement of the Sweetgrass Arch coincided with certain stratigraphic features in
southern Alberta (Schroder-Adams et al., 1997; 1998; Neilsen et al., 2003; Payenberg et
al., 2002; Figure 2.15). Schroder-Adams et al. (1997, 1998) concluded that the
Sweetgrass Arch may have been an area of positive bathymetric relief throughout the
Coniacian to Santonian within a relatively deep-water basin. This interpretation was
supported by fossil analysis that indicated that sandstones within the mudstonedominated Medicine Hat Member were deposited in a shallow marine environment
adjacent to the flanks of the Bow Island Arch that was uplifted at the time. Payenberg
(2002) suggested that shoreface sandstones of the Virgelle Member of the Santonian Milk
River Formation in southern Alberta had been deposited when the Kevin-Sunburst Dome
was an area of positive topographic relief, whereas the Bow Island Arch had no effect on
stratigraphy or paleogeography.
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High-resolution allostratigraphic studies of Turonian-Coniacian strata showed that
sedimentation had been influenced by deep-seated structures in the Precambrian
basement, including the Vulcan structure, and the newly-recognized ‘Orion Low’. (e.g.
Shank, 2012; Grifi et al., 2013). Grifi et al. (2013) demonstrated however, that there was
no evidence that the Sweetgrass Arch itself had influenced depositional patterns in earlyto mid- Coniacian strata of the lower Wapiabi Formation.
2.4 Summary of Chapter 2
This chapter summarized the main elements that influence depositional sequences in the
study area. The type of the sedimentary basin and subsidence mechanisms dictates the
large-scale tectonic influence on the geometry of the stratigraphic units, whereaschanges
in accommodation. Movement of underlying basement structures may produce localized
block tectonism that contributed to the final depositional patterns, and possibly
influenced lateral variation in sedimentary facies within the units. In summary, these
elements contribute to both the stratigraphic architecture of the studied succession and the
sedimentary facies variation within each unit and allomember. The next chapter will
detail the stratigraphy and subsidence patterns observed in the study area.
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Chapter 3 Allostratigraphy
3.1 Introduction
The correlation grid established in the present study area integrates subsurface gammaray and resistivity well-logs, core data, and stratigraphic sections measured in outcrop
along the Foothills of the Rocky Mountains. The sedimentary detail provided by outcrop
sections, coupled with the extensive subsurface database allows high-resolution
investigation of the sedimentary facies, the stratal stacking pattern, and the small-scale
internal stratification within allomembers, as well as the large-scale stratigraphic
architecture of the upper Wapiabi Formation.
This chapter discusses the allostratigraphic framework of the upper Wapiabi Formation in
Alberta south of Township 36. Initially, the study adopted the allostratigraphic
terminology established by Hu (1997) and Hu and Plint (2009) for the upper Wapiabi
Formation between Townships 35 and 75. The new subsurface grid was constructed
using 1128 wells organized in 17 dip cross-sections oriented West-East and 8 strike cross
sections oriented North-South, and one cross-section that spanned the entire western
margin of the study area (Figure 3.1). Per township, two to four wells were used for
correlation; this spacing generally provided sufficient information for stratigraphic
surfaces to be correlated with confidence. Cross-sections that summarize the working
correlation lines are located in Figure 3.2 and presented in Figures 3.3 to 3.18 (in pocket).
The lithostratigraphy and sedimentology of the Wapiabi Formation has been the subject
of various previous studies, most of which were outcrop-based (Stott, 1961, 1963, 1967;

71

Figure 3.1 Study area map illustrating the location of all the ‘working’ cross-sections
used to construct the subsurface correlation grid; 17 dip cross-sections and 7 strike crosssections.
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Figure 3.2. Study area map illustrating the location of the summary cross-sections
presented in Figures 3.3 to 3.18 of the thesis.
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Hunter, 1980; Bullock, 1981; Rosenthal, 1984; McCrory and Walker, 1986; Rosenthal
and Walker, 1987; Ferguson, 1984; Cheel and Leckie, 1992). Many of these studies
provided detailed facies descriptions that were nevertheless limited to relatively local
study areas. Because of the marked lateral changes in lithology that take place in parts of
the Wapiabi Formation, a lithostratigraphic approach to correlation does not provide the
most effective method to determine age-relationships between different parts of the basin.
This problem is exacerbated by the use of different lithostratigraphic terms for ageequivalent rocks in central and southern Alberta, which further obscures natural temporal
and spatial relationships between diverse facies and depositional environments.
3.2 Allostratigraphic Method
The stratigraphy of the upper Wapiabi Formation was analysed using an allostratigraphic
approach. Allostratigraphy is a method of correlation that uses physical bounding
discontinuities to define rock packages (North American Commission on Stratigraphic
Nomenclature, 2005). In the shallow-marine rocks of the Wapiabi Formation, the most
suitable allostratigraphic bounding discontinuities are marine flooding surfaces that were
traceable throughout all, or at least most of the ~90,000 km2 study area.
Hu (1997) studied the Santonian - Campanian Puskwaskau Formation in northern
Alberta, this unit being equivalent to the upper part of the Wapiabi Formation in southern
Alberta (i.e. the lithostratigraphic Dowling through Nomad members, but excluding the
Muskiki and Marshybank members). Hu (1997) and Hu and Plint (2009) established an
allostratigraphic framework between Townships 75 and Township 35. They recognized
14 allomembers, bounded by flooding surfaces that were labelled A through N; in
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ascending order. In the western part of the basin, the base of the Puskwaskau Formation
was placed at the disconformity that marks the top of the Marshybank Formation (Stott,
1967; Plint, 1990; Plint et al. 1990). However, towards the east, the Marshybank
Formation thins, partly due to erosion, and the disconformable top surface is onlapped
westward by the Bad Heart alloformation that thickens eastward beneath the
northwestern Alberta Plains (Plint et al. 1990; Donaldson et al. 1998, 1999). As a result,
in the eastern part of the basin, the base of the Puskwaskau Formation is placed at the
flooding surface at the top of the Bad Heart alloformation. To the south of approximately
Township 57, the Bad Heart alloformation laps out against the top of the Marshybank
alloformation. Rocks of Bad Heart age (latest Coniacian to? earliest Santonian, Cobban
et al. 2005), are not present in the current study area, and instead are represented by a
disconformity.
Allomembers A to D, E to H and I to L of the Puskwaskau Formation were grouped by
Hu and Plint (2009) into three informal ‘units’, labelled 1 through 3, each of which had a
distinct three-dimensional geometry. Each unit was interpreted as a distinct tectonostratigraphic package that recorded a discrete episode of flexural subsidence, localised in
both space and time (Plint et al. 2012). The top of unit 3 (i.e. top of allomember L),
marks the most regressive component of the formation. Allomembers M and N are
mudstone-dominated and represent the early phase of a major marine transgression that
was responsible for deposition of the lithostratigraphic Nomad Member.
The marine flooding surfaces recognized by Hu and Plint (2009) were extended
southward into the present study area. Twelve extra wells were added to the data-set of
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Hu (1997) between Townships 36 to 39 to facilitate the tracing of flooding surfaces from
his to the present study area.
Within the study area, the upper part of the Wapiabi Formation (i.e. above the
Marshybank Member), was divided into 12 allomembers. Units 1 and 3 of Hu and Plint
(2009) were represented, respectively, by allomembers A to D, and I to L. However,
only a remnant of unit 2 extends into the NW corner of the study area (Fig. 3.3). Units 1
and 3 of Hu (1997) were traceable throughout the present study area. Allomembers M
and N constitute informal unit 4. Some allomembers were divisible into smaller
packages on the basis of regionally-mappable flooding surfaces. Thus, allomember L
comprises parasequences L1 through L4 and allomember N comprises parasequences N1
and N2.
Marine flooding surfaces were traced throughout the correlation grid, each surface being
‘looped’ to ensure consistent correlation. Flooding surfaces are excellent approximations
of timelines, and easily identifiable throughout the study area. The allostratigraphic units
recognized in the present study were subsequently correlated to seven outcrop sections in
the Rocky Mountain Foothills. In addition to conventional outcrop lithological logs,
spectral gamma ray logs were constructed for the sections at Oldman River, Highwood
River, Missinglink Mountain and Burnt Timber Creek (Fig. 3.1). The gamma-ray log
signature of outcrop sections provided an independent means by which to correlate with
gamma-ray logs from nearby boreholes.
The ‘Milk River shoulder’, an easily identifiable high-resistivity deflection on the
resistivity logs, was used as the datum for all the cross-sections. The high gamma-ray
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signature that denoted the flooding surface at the top of allomember J provided a
supplementary marker that served to constrain correlations.
Detailed allo- and biostratigraphic study of Coniacian part of the Wapiabi Formation
(comprising the Muskiki and Marshybank members of Stott, 1963), has shown that in
southern Alberta (approximately south of Township 25), all or most of the upper
Coniacian (i.e. the Marshybank Member) is absent because that area underwent subtle
flexural uplift in late Coniacian time (Plint et al. 2017). The disconformable surface is
marked by a few dm of ooidal ironstone that contains scattered small phosphate and chert
pebbles (Plint et al. 2017).
3.3 Dip cross-sections
In east-west oriented dip cross-sections, the upper Wapiabi Formation thins from ~450 m
in the west to ~ 40 m in the east over ~200 km (Figs. 3.3 – 3.11). Dip-oriented crosssections north of Twp. 16 show relatively minor lateral change in lithology, as indicated
by gamma-ray logs, being dominated by mudstone-rich rocks (Figs. 3.3 to 3.6).
Alternative interpretations of the gamma-ray might point towards uranium-rich
sandstone, dolomite or coal beds. However, the match between the subsurface gammaray and measured outcrop gamma-ray enabled high gamma-ray readings to be interpreted
as mudstone-rich rocks. In contrast, to the south of Twp. 16, gamma-ray log signatures
show that the studied interval becomes increasingly heterolithic, with the sandstone
component increasing markedly to the west (Figs. 3.7 to 3.11). In all east-west (dip)
cross-sections, allomembers become increasingly mudstone-dominated towards the east
(e.g. Figs. 3.3 – 3.6). The following discussion is based on Figures 3.3 – 3.11.
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3.3.1

Unit 1

Unit 1 comprises allomembers A to D in ascending order. In dip cross-sections, strata of
unit 1 form a prominent wedge that thins eastward from about 120 m to < 35 m.
Allomember A thins from ~40 meters in the west to ~15 meters in the east with more
pronounced thickness change in the northern part of the area, west of Range 24 (Figs. 3.3
and 3.4). South of Twp. 16, the change in thickness of allomember A is less pronounced.
In the northern part of the area, allomember B thins from ~35 m in the west to ~10 m in
the east, whereas in the south it thins from ~40 m in the west to ~20 m in the east.
Allomember C is characterized by a prominent increase in thickness observed in the
northernmost cross-section (Fig. 3.3). In other dip-oriented cross-sections, allomember C
has a less prominent wedge-shape, thinning from ~30 m in the west to <15 m in the east.
In the northern part of the area, allomember D is characterized by an almost sheet-like
geometry, thickening subtly to both west and east. Allomember D laps out towards the
south.
3.3.2

Unit 2

In the study area of Hu (1997), unit 2 comprises allomembers E to H in ascending order.
However, to the south, in the present study, allomembers E, G and H have lapped out,
and unit 2 is represented only by allomember F that reaches about 5 m in thickness and
can be traced southward for a few tens of km across the NW corner of the study area.
(Fig 3.3).
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3.3.3

Unit 3

Unit 3 comprises four allomembers, I to L in ascending order. Unit 3 forms a relatively
thick, strongly wedge-shaped package that thins from > 155 m in the west to < 100 m in
the east. Unit 3 is much more lithologically heterogeneous than units 1 or 2, and includes
major sandstone bodies in the SW.
In the northern dip cross sections, allomember I is a prominent wedge that thins eastward
from over >30 m to < 10 m (e.g. Fig. 3.4). Whereas in the southern dip-oriented sections,
thinning is less pronounced (e.g. Fig. 3.9). Allomember J has a consistent wedge-shape
throughout the study area, thinning from ~ 30 m in the west to < 5 m in the east. In the
north, allomember K has a sheet-like geometry in dip-oriented sections, but in the south
becomes more wedge-shaped, thinning from ~20 to 10 m thick. The bulk of unit 3
comprises allomember L which ranges in thickness from ~ 80 m in the west to ~ 60 m in
the east. In the north, allomember L thickens towards both west and east, whereas in the
south, the allomember forms a wedge, thinning from ~90 m to ~ 70 m.
3.3.4

Unit 4

Unit 4 comprises allomembers M and N, and has a broadly sheet-like geometry over most
of the study area, ranging in thickness from ~ 24 m in the west to ~ 22 in the east. Dip
cross-sections in the middle of the study area show subtle thickening towards both the
east and west. Allomember M has a sheet-like geometry in dip-oriented sections in the
northern part of the study area. South of Twp. 16, allomember M shows a more
pronounced westward thickening from ~ 10 to 20 m. Thickening is accompanied by a
pronounced lateral facies change, from marine mudstone to marine sandstone and then to

79

non-marine facies. Facies change is readily determined from the gamma ray log
signature, and is verified by correlation to outcrop at Oldman River (Fig. 3.10), further
discussed in chapter 4).
Allomember N is mudstone-dominated and thins from a depocentre in the NE to an onlap
limit in the SW. In the NE, allomember N is divided into two parasequences, of which
the lower, N1 thins from 10 m in the NE to an onlap limit against allomember M in the
SW.
3.4 Strike cross-sections
The north-south cross-sections are approximately parallel to the depositional strike of the
upper Wapiabi Formation and in consequence show less pronounced changes in
thickness. Nevertheless, these sections reveal more subtle thickness changes parallel to
the orogen, and also provide a better illustration of lateral changes in facies from gammaray and resistivity signatures. In broad terms, when traced from NE to SW, allomembers
L and M show a pronounced lateral facies change, from mudstone- to sandstone-rich that
corresponds to a change from offshore to nearshore and coastal plain depositional
environments.
3.4.1

Unit 1

In strike view, unit 1 as a whole has a sheet-like geometry that shows very subtle
thickening in the southernmost part of the area. Allomembers A and B are southwardthickening, mudstone-dominated wedges. Allomember C shows a complex pattern of
thickness change. In the east, allomember C thickens towards both the north and south,
whereas, in the west, allomember C is a northward-thinning wedge. Allomember D
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reaches a maximum thickness of ~ 20 m in the north, thinning to a lap-out limit south of
Twp. 16 in the east and Twp. 11 in the west.
3.4.2

Unit 2

Unit 2, represented by allomember F, is confined to the extreme NW corner of the study
area where it reaches about 5 m thick, lapping out a short distance to the south.
3.4.3

Unit 3

Allomembers I and J have an almost sheet-like geometry, with subtle thickening in the
far west, and an almost uniform log signature throughout the area. In the east,
allomember K also has a sheet-like geometry in strike view but in the west, allomember
K thickens towards both north and south, accompanied by a subtle lithological variation
reflected in the log signature. Strata of allomember L also are sheet-like in the east but
develop a prominent wedge-shaped in the west (Fig. 3.12).
3.4.4

Unit 4

Unit 4 has a broadly sheet-like geometry, thickening subtly towards the north and south
(Fig. 3.15). Allomember M shows striking lateral facies change from marine to nonmarine in about Twp. 8 (Figs. 3.13, 3.15). Allomember N1 is confined to the NE part of
the study area, thinning and lapping out to the south and west. (Fig. 3.12). Allomember
N2 forms a more prominent wedge, reaching ~ 20 m in the north (Figs. 3.13, 3.14), and
lapping out towards the south (Figs. 3.14, 3.15).
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3.5 Isopach Maps
The complete grid of well log correlations permitted the thickness of all allomembers to
be measured to the nearest meter. Each thickness value was entered into a spreadsheet
and mapped using the latitude and longitude of each point (well location). The program
Surfer 10 ® (Golden Software) was then used to generate isopach maps of various
stratigraphic units. Isopach maps portray the total thickness of a stratigraphic interval,
and provide a means to visualize the subsidence history of the basin over various
timescales, depending upon the thickness of the package being mapped.
Measured thickness data were gridded and mapped, using the default kriging algorithm
for interpolation. Kriging has the advantage of being a direct method to characterize the
variance or precision of the predictions, because it is based on the assumption that there
exists a spatially homogeneous variation in the data points across the modelled surface
(Isaaks and Srivastava, 1989). The kriging algorithm is based on a variogram function
that allows the algorithm to characterize variance for a grid node estimate. Kriging
weights the surrounding measured values to predict a value for an unmeasured coordinate
based on elements such as (1) the distance between the data points, (2) the predicted
location, and (3) the overall spatial arrangement of the data points. These elements steer
the Kriging algorithm to interpolate in the direction of the most robust correlation
between data points. As a result, Kriging is an excellent tool when data points reflect
strong linear trends such as along flexural axes or tectonic lineaments similar to those
observed in a foreland basin (Davis, 2002).
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Each original Surfer®-generated isopach map was then overlain on a base map of the
study area and processed using CorelDRAW 15© to remove geologically-questionable
interpretations and minor ‘one data point’ bulls-eyes. The error caused by manual editing
is trivial, because of the absence of significant modification of the original Surfergenerated grid file.
In surfer, a variogram displays half the average difference in Z values of any two given
data points with (X,Y) coordinated as a function of the separation distance between the
two points. The kriging gridding method uses the variogram to calculate Z values
throughout the map area. A polar grid is then used to store a summary of variogram
information for all the data pairs that fall into each grid cell as defined by the lag distance
between the actual data and the modelled data. Controlling this lag distance through
setting a specific lag tolerance angle to < 90° allows the variogram curve to display
values for a particular direction through the variogram modelled grid. The variogram grid
is not directly accessible in Surfer, but it could be exported one line at a time as a script.
The magnitude and angle of the lag could then be used to calculate the XY coordinates,
with the variogram value as the Z value. The resulting grid file XYZ could then be used
to display an image map or 3D Surface of the variogram data. An exercise was performed
to test a number of variogram parameters to test the extent to which a given isopach map
would change with different input parameters. The introduced change was minimal and
in consequence, the default variogram was used to construct the maps.
The interpretation of the isopach maps rests on the basic assumption that the sea-floor
was effectively planar and close to horizontal. Previous sedimentary studies suggest that
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the study area lay at or above storm wave base (e.g. Plint et al. 2008), and that the sea bed
was a wave-graded ramp, lacking significant topography. On this basis, isopach maps
can be interpreted to provide a semi-quantitative (not accounting for compaction)
measure of syn-depositional subsidence, relative to the wave-graded surface. Changes in
isopach patterns between successive allomembers provide a measure of changes in the
spatial pattern of subsidence over time. Compaction represents a factor that would
preferentially influence the subsidence pattern of mud-dominated strata in the study
interval. Consequently, isopach maps of allomembers with lateral facies variation from
mud- to sand-rich facies would be expected to show thinning that corresponded to
mudstone-rich intervals. In the case of the study interval, that possibility is not ruled out
entirely, although in allomembers that are predominantly composed of mudstone, isopach
patterns seem to record primarily variation in subsidence, rather than lithological
variation.
In this foreland basin setting, the depocenter is expected, at a first order, to have
experienced maximum flexural subsidence along the western margin of the basin,
adjacent to the fold-and- thrust belt. However, this pattern is not always evident, because
a few allomembers have depocenters located distal to the flexural foredeep. The term
‘depocenter’ is used in this thesis to denote the region with the maximum thickness in the
studies area. These ‘anomalous’ depocenters coincide spatially with lateral changes in
sedimentary facies, and also with deep-seated structural features in the Precambrian
basement, as depicted in aeromagnetic anomaly maps of southern Alberta (further
discussed in Chapter 5). Isopach maps therefore provide an important means by which to
assess both the subsidence history and the subsidence mechanisms within the studied
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area, on time-scales that range from the entire alloformation (order of 2 myr.) to
individual allomembers (order of 105 yr.).
The total isopach of the upper Wapiabi Formation shows a wedge that thickens westward
from less than 150 m in the east to about 400 m in the west (Fig. 3.19). The isopach
values suggests a simple pattern of flexural subsidence as would be expected for a basin
undergoing flexural isostatic subsidence beneath the applied load of accreted and overthrust rocks in the adjacent Cordillera (Price, 1994).
In the north, isopach lines trend approximately north-south; however, at about Township
16-17, this trend abruptly changes to NW-SE.
3.5.1

Unit 1

The isopach pattern of unit 1 (allomembers A to D) follow the typical stratigraphic trend
of westward thickening towards the fold and thrust belt (Figure 3.20). Unit 1 has an
overall wedge-shape geometry that shows a gradual increase in thickness from < 45 m in
the east to > 130 m in the southwest.
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Figure 3.19 Isopach map of total thickness of the upper Wapiabi alloformation. Contours
are in 10 m intervals.
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Figure 3.20 Isopach map of unit 1. Contours are in 5 m intervals.
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3.5.1.1 Allomember A
The isopach map of allomember A shows a pattern comparable to that of unit 1, with
rapid subsidence towards the western part of the study area (Figure 3.21). Isopleths
(contour lines) trend north-south in the northern part of the study area and deflect towards
the northwest in the southern part of the area.
3.5.1.2 Allomember B
Allomember B shows westwards thickening, with major depocenters in the north- and
southwest and a minor depocenter in the central part of the area (Figure 3.22). Although
the allomember B isopach displays the expected wedge-shape subsidence pattern, the
minor depocenter located in the central part of the area as well as the isopleths trends
adjacent to latitude 51˚ indicate that the observed subsidence pattern is not entirely due to
flexural subsidence.
3.5.1.3 Allomember C
Allomember C displays a different subsidence pattern relative to that of allomember B in
that (Figure 3.23) with an extremely subtle depocenter in the southwestern part of the
study area reaching a maximum thickness of 30 m. A minor, east-west trending
depocenter appears along the northern margin of the study area, which may be attributed
to movement along a structural lineament in the basement.
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Figure 3.21 Isopach map of allomember A. Contours are in 2 m intervals.
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Figure 3.22 Isopach map of allomember B. Contours are in 2 m intervals.
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Figure 3.23 Isopach map of allomember C. Contours are in 2 m intervals.
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3.5.1.4 Allomember D
Allomember D has a maximum thickness of ~ 10 meters in subsurface, then thins
southwards until it onlaps onto allomember C and disappears south of latitude 50°30'
(Figure 3.24). Two main depocentres lie in the northwest and southwest of the area, with
a minor depocenter in the northeast. An area of diminished subsidence characterizes the
central part of the area. The isopach map of allomember D suggest that deposition took
place during a phase of low flexural subsidence in the west. However, the absence of
allomember D in the southern part of the study area suggests that deposition may have
been influenced by a non-flexural mechanism.
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Figure 3.24 Isopach map of allomember D. Contours are in 1 m intervals.
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3.5.2

Unit 2 – Allomember F

Hu (1997) defined and subdivided Unit 2 into four allomembers E, F, G, and H in
northern Alberta and British Columbia. Allomembers E, G and H lap out to the north of
the study area.
In the present study area, unit 2 is represented only by allomember F (Figure 3.25), which
extends southeastwards for approximately ~ 20 km from the north-western corner of the
study area, thinning from about 5 meters to zero thickness. In Highwood River, a
bioclast-rich condensed section above allomember C has been documented and is
proposed to represent unit 2 in the study area (discussed further in chapter 4).
3.5.3

Unit 3

Unit 3 consists of allomembers I, J, K and L that collectively thicken westward from less
than 95 m to more than 155 m. along the western margin of the study area, Unit 3 is a
prominent wedge, but towards the east it has a tabular geometry (Figure 3.26). The
overall isopach of unit 3 suggest that subsidence was a response to active tectonic loading
in the fold and thrust belt. Localized deviations from the regional flexural subsidence
patterns suggest that flexural subsidence may have been accompanied by movement
along the Precambrian basement structures.
3.5.3.1 Allomember I
Allomember I strata are characterized by a tabular geometry across most of the study
area, thickening only towards the northwest (Figure 3.27). A minor depocenter occupies
the northwestern corner of the area. A prominent W-E trending lineament is located near
Twp. 15 (further discussed in chapter 5). The isopach map of allomember I suggest that
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the phase of tectonic quiescence during the deposition of allomember F was followed
with relatively more active flexural subsidence.
3.5.3.2 Allomember J
The isopach map of allomember J displays a prominent wedge-shaped geometry with a
major depocenter along the western edge of the area (Figure 3.28). Thickness increases
gradually from ~ 5 meters in the northeast to ~30 meters in the northwest with rapid
thickness increase proximal to the margin of the deformed belt. Allomember J displays a
subsidence pattern indicative of deposition during a period of active tectonic loading
along the orogenic belt.
3.5.3.3 Allomember K
The isopach map of allomember K is characterized by a tabular geometry with minor
thickening towards the northern and southwestern parts of the study area (Figure 3.29).
Subsidence patterns in the southern part of the area may be a product of both flexural and
non-flexural mechanisms.
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Figure 3.25. Isopach map of Unit 2 in the study area, represented by allomember F.
Contours are 1 m intervals.
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Figure 3.26. Isopach map of Unit 3. Contours are in 5 m intervals.
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Figure 3.27. Isopach map of allomember I. Contours are in 2 m intervals.
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3.5.3.4 Allomember L
Allomember L isopach is characterized by tabular successions that record the most
lithological variation documented in the present study (Figure 3.30). Allomember L strata
exhibit two depocenters; a major depocenter in the southwestern part of the study area
and a minor one in the northeast corner. Thickness reaches up to 90 meters in the
southwest, proximal to the fold and thrust belt.
Allomember L was subdivided into four smaller units, L1 through L4. Parasequences L1
through L4 show the most variation in terms of log signature and more complex stratal
geometry that renders their correlation as distinctive intervals more difficult. Isopach
maps for the intervals show (Figures 3.31 – 3.34). Further discussion will follow in
chapter 5.
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Figure 3.28. Isopach map of allomember J. Contours are in 2 m intervals.
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Figure 3.29. Isopach map of allomember K. Contours are in 2 m intervals.
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Figure 3.30. Isopach map of allomember L. Contours are in 5 m intervals.
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Figure 3.31. Isopach map of parasequence interval L1. Contours are in 3 m intervals.
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Figure 3.32. Isopach map of parasequence L2. Contours are in 3 m intervals.
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Figure 3.33. Isopach map of parasequence L3. Contours are in 3 m intervals.
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Figure 3.34. Isopach map of parasequence L4. Contours are in 3 m intervals.
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3.5.4

Unit 4

Unit 4 encompasses the youngest allomembers M and N, originally defined by Hu
(1997). The isopach map of unit 4 has a tabular geometry that shows a subtle increase in
thickness towards both the south and north (Figure 3.35). The unit 4 isopach suggests that
the western margin of the basin was not experiencing flexural subsidence during
deposition.
3.5.4.1 Allomember M
Allomember M has a wedge-shaped geometry that thickens toward the southwestern part
of the study area (Figure 3.36). Thickness of allomember M strata increased from less
than 10 meters in the northeast to over 20 m in the southwest. Rapid thickness change
takes place at the southwestern part of the study area as evidenced by the closely-spaced
contour lines. The subsidence pattern of allomember M is interpreted to represent a phase
of slowing flexural subsidence relative to that of allomember L.
3.5.4.2 Allomember N
Allomember N was mapped as two distinct units N1 and N2 (in ascending order). Unit
N1 is characterized by a thin, wedge-shaped succession with a maximum thickness of
~10 m in the northeastern part of the area. Strata of N1 thin rapidly around latitude 51°,
toplap onto allomember M and disappear south of latitude 51° (Figure 3.37). Unit N2 is
characterized by similar subsidence pattern to that of unit N1; however, strata of unit N2
extend farther southwards, thin rapidly and toplap onto allomember M between latitudes
50°30’ and 49°30’ (Figure 3.38). Unit N2 is characterized by a wedge-shape geometry
with a narrow depocenter in the north-westernmost part of the area. The isopach map of
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allomember N suggests a complete shift in the subsidence pattern in the study area from
that of allomember M. Subsidence along the western margin of the basin appears to have
diminished and fine-scale tectonism was the main control on deposition during this time.
Summary of Chapter 3
This chapter aimed to introduce the allostratigraphic framework constructed in this study.
First, a brief introduction was provided for the analytical approach of the thesis, then a
brief description of the cross-sections followed by isopach maps of each interval. The
idea is to provide a basis for the discussion of sedimentary facies (the next chapter)
within a time framework.
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Figure 3.35 Isopach map of unit 4. Contours are in 2 m intervals.

109

Figure 3.36 Isopach map of allomember M. Contours are in 2 m intervals.
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Figure 3.37 Isopach map of parasequence N1. Contours are in 1 m intervals.
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Figure 3.38 Isopach map of parasequence N2. Contours are in 1 m intervals.
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Chapter 4 Sedimentology
This chapter documents the sedimentology of the upper Wapiabi succession in core and
outcrop, the spatial distribution of facies, and the paleogeography that can be inferred
from that distribution. The first part of the chapter is a brief overview of sediment
transport on continental shelves. The second part provides a summary of recent
developments in studies of mud transport and deposition. The third part provides a
description of sedimentary facies and interpretation of the environments within which
sediments of the Wapiabi Formation were deposited. The fourth part deals with facies
distribution and paleogeography, with more emphasis on the upper part of the studied
interval spanning allomembers L and M.
4.1 Shallow Marine Processes on Continental Shelves
Sedimentation on continental shelves is a complex process because of the interplay
among tides, waves, storms, and ocean currents (Suter, 2006). Approximately 80% of the
world’s modern continental shelves are dominated by storm processes (Swift and Thorne,
1991). Storm waves play an important role in the total sediment transport and deposition
across coastal and shelf area. Tidal processes account for about 17% of the overall
sedimentation, whereas, 3% are attributed to the effects of ocean currents.
A record of storm-induced processes is preserved in sedimentary structures, which can be
erosional and/ or depositional. Deposition takes place in relatively shallow water
(typically < 100 m) on continental shelves of low topographic gradient (typically on the
order of 1:1000). On such low gradient surfaces, changes in relative sea-level result in
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dramatic lateral movement of the shoreline, and corresponding creation and removal of
space available for sediment accumulation (‘accommodation’).
Depositional environments on shallow marine shelves extend from foreshore and
shoreface settings all the way to the outer shelf. Depending on the volume of sediment
accumulation on the coasts, the gradient of the shelf, and the amplitude of relative sealevel change, the shoreline may migrate laterally by tens to hundreds of kilometers (Plint,
2010). The lateral migration of the shoreline in response to relative sea-level change is
recorded by vertical change in sedimentary facies (Plint, 2010; Figure 4.1).
The stratigraphy of sedimentary successions on continental shelves becomes very
complex as a consequence of wave scour during transgression, or by subaerial erosion
during regression. These events are recorded by various types of erosion surface.
Additional stratigraphic complexity may result from changes in the rate and type of
sediment supplied from the land (Yoshida et al., 2007) and the width and depth of the
shelf upon which sediment accumulates.
The passage of waves across the surface of water results in a circular orbit of the water
particles, moving in the direction of wave movement under the crest of the wave and in
the opposite direction under the trough. In deep water, the motion of water particles is
symmetrical in duration and velocity (Clifton, 2006). With increasing depth, the diameter
of the wave orbit diminishes until the movement becomes insignificant, and this depth is
known as wave base. In shallow water, the original circular shape of the wave orbit is
modified into an ellipse as the waves change into sharp-crested, flat-troughed waveforms
and the water motion close to the seabed becomes horizontal and oscillatory (Figure 4.2).
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Figure 4.1. A shallow marine profile. Wave base is approximately equal to half the wavelength of a surface wave (L/2), and a typical wave base is 5-15m. Waves entering shallow
water become asymmetric and contribute to longshore water circulation. Modified from
Walker and Plint, 1992; Plint, 2010.
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Figure 4.2 Behaviour of waves in shoaling water. Offshore, where water depth is greater
than approximately half the surface wavelength, waves are not capable of moving the
seafloor sediment, and the seafloor is below 'wave base'. In shallower water above wave
base, water particles at the seabed move back and forth in a symmetrical pattern driven
by the orbital water motion under the wave. Closer to shore, the oscillation pattern
becomes strongly asymmetric, with a short, powerful landward surge under the wave
crest, and a longer, weaker seaward flow under the wave trough. This asymmetry
preferentially drives coarser sediment landward and finer sediment seaward, resulting in
an upward-coarsening facies succession (From Plint, 2010).
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As waves approach the beach, the orbitals increase in diameter and become exceedingly
asymmetrical, with shorter, faster landward flow. Once waves reach the surf zone,
frictional drag at the sea-bed causes them to break, generating a complex pattern of
shore-parallel and shore-normal flows (Clifton, 2006).
As waves move into shallow water, the change from symmetrical to strongly
asymmetrical oscillatory motion results in the landward stroke of each wave being
stronger than the seaward stroke. In consequence, both sediment and bedforms tend to
migrate landward, gradually building up the upper part of the shoreface and foreshore.
Constant wave motion results in very efficient sorting of sediment in the nearshore
environment (Clifton, 2006). There is little to no net transport of water until waves arrive
at the breaker zone, where water moves towards the beach. As a result, the sea surface is
elevated near the beach and depressed seawards, which causes a hydraulic head that
generates two main current systems (Swift, 1985). The first system consists of longshore
currents driven by waves travelling obliquely landwards, and the second system is a
wind-induced cell circulation system of rip and longshore currents (Figure 4.3).
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Figure 4.3 Water circulation patterns in a near-shore area. As waves enter shallow water
above wave base, orbital motion of waves becomes asymmetric such that landward
strokes are short and strong, whereas seaward motion is longer and weaker. As a result,
water piles up against the beach and then is carried back seaward in narrow rip-current
systems, carving channels in the upper shoreface. Waves approaching the beach at an
oblique angle tend to cause more unidirectional movement of the longshore currents.
From Plint, 2010.
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Longshore currents move sediment shore-parallel and are efficient in redistributing
sediment away from river mouths (Swift & Thorne, 1991). Rip currents flow seaward
within narrow seaward-shallowing channels in the breaker zone. These channels have
the capacity to transport coarse sediments such as sand and gravel seawards, up to a few
hundred meters offshore (Komar, 1976).
4.1.1

Morphology of the Shelf

The foreshore, shoreface, and offshore represent the main morphological elements of a
typical shoreline- to shelf-depositional system (see Figure 4.1). The foreshore, or the
beach, represents the area of the shelf directly above the low-tide line, and is mostly
dominated by the swash and backwash of breaking waves (Plint, 2010). Below the lowtide line lies the shoreface zone, which is predominantly made of sand-rich sediment and
influenced greatly by shoaling waves. The shoreface is characterized by its relatively
steep gradient, which, if sand-dominated might be ~ 1: 200 (Plint, 2010). Typical
progradational shoreface zones range between 5 – 10 m in height, whereas transgressive
shorefaces can reach up to 25 m in height (Clifton, 2006). The shoreface gradually
changes into the offshore zone, which is characterized by a mixture of muddy and sandy
sediment and typically has a lower gradient of 1: 1000 to 1:2000 (Plint, 2010).
The topographic break at the base of the shoreface in not easily recognizable in vertical
stratigraphic sections, because it is not accompanied by distinct facies change. In some
cases, the base of mud-free sandstone is used as the ‘base of shoreface’ (e.g., Leckie and
Walker, 1982; Plint and Walker, 1987), whereas in other cases sandstone interstratified
with bioturbated mudstone was interpreted to represent the lower part of the shoreface
(e.g., Hampson and Storms, 2003). However, in some settings where sand is not
119

abundant, the shoreface environment may be made up mostly of mud (Rine and
Ginsberg, 1985).
The gradient of the foreshore and upper shoreface depends on the sediment grain size.
Coarse gravel-rich beaches are characterized by steep gradients with waves breaking
close to the shore, whereas sand-rich beaches show a much gentler slope (Clifton, 2006).
4.1.2

Sediment Transport during storms

Storms play a significant role in eroding and transporting sediment from nearshore to
offshore environments; their effectiveness is very disproportionate to the relatively low
frequency of their occurrence throughout the year. Although storm wave-base varies
depending on the intensity of each storm, maximum storm wave-base is typically ~200 m
(Walker and Plint, 1992).
During storms, the sea surface is elevated or “set up” as a result of frictional coupling
generated at the wind-water interface, wave shoaling, astronomical tides and low
atmospheric pressure (Suter, 2006). If the elevated region is located nearshore, the
resulting hydraulic head drives a bottom-water flow directed offshore (Figure 4.4). The
net effect of Coriolis deflection is to result in wind-driven currents, known as geostrophic
currents that flow essentially parallel to shelf isobaths (Dalrymple and Cummings, 2004).
Geostrophic flows are more shore-normal when a steep hydraulic gradient is present, but
when the gradient is weaker, Coriolis effect becomes more dominant and deflects the
flow into a more shore-parallel direction (Swift et al., 1986).
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Figure 4.4 Characteristics of a storm driven shelf system. Onshore winds generate a
coastal set-up that creates a pressure gradient within the system. As a result, lower layers
of water are carried seaward as relaxation flows. Coriolis force deflects the flow
progressively to the right generating coast parallel to coast oblique geostrophic currents.
A combined flow is generated when an oscillating current driven by waves interacts with
the geostrophic current. Sediment suspended by waves is therefore able to migrate
offshore and along shore. From Plint, 2010.
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During storms, combined flows - a composite of geostrophic flows and wave-generated
oscillatory flows - are the primary mechanism responsible for moving sediment offshore
and along the shelf (Swift, 1985; Clifton, 2006). Oscillatory flows generate high shear
stress very close to the sea bed and suspend sediment in the wave boundary layer (few cm
to few dm thick), where it can then be transported laterally along or across the shelf by
the geostrophic component of the flow.
The Western Interior Seaway (WIS) presents an excellent opportunity to study storminfluenced marine deposits because extensive wireline log, core and outcrop data can be
integrated. A few modelling studies were developed to simulate paleoenvironmental
conditions that were prevalent in the Late Cretaceous in an attempt to understand the
circulation patterns in the seaway (e.g. Ericksen and Slingerland, 1990; Slingerland et al.,
1996). These models utilize available stratigraphic and isotopic data to estimate variables
such as paleobathymetry, water salinity, and temperature.
Numerical models of circulation in the Western Interior Seaway (WIS) during the Late
Cretaceous (e.g. Erickson and Slingerland, 1990), suggest that the WIS was characterized
by storm-dominated and thermohaline circulation that drove cooler, and slightly brackish
water on the western margin to the south, and allowed warmer, more saline water to flow
north along the eastern margin (Slingerland et al., 1996). Measurements of paleocurrents
in Middle Albian to Early Campanian successions agree with these theoretical predictions
(Ericksen and Slingerland, 1990). Furthermore, paleocurrent indicators examined in
Cretaceous strata from the WIS show that geostrophic flows transported sediment
consistently southwards (e.g. Hart et al., 1990; Varban and Plint, 2008 a, b; Hu and Plint,
2009).
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4.2 Mud transport on shallow shelves
The transition from sand-dominated sedimentary facies to mud-dominated facies is not
automatically a representation of a transition to a setting below storm-wave base. This
has been demonstrated by recent experimental and field-based investigations of ancient,
predominantly mud-rich environments. These studies verified that the deposition of mud
does not occur by suspension settling in calm, deep waters (e.g. Macquaker and Bohacs,
2007; Schieber et al., 2007; Varban and Plint 2008a; Plint et al., 2012; Plint, 2014).
Mud aggregation is the process by which mud particles are bound together in various
configurations to form grains that are transported in the same hydrological manner as silt
-sized grains. Mud forms aggregates by three primary processes; coagulation by
electrostatic forces facilitated by saline water, biogenic aggregation in the form of faecal
pellets secreted by filter-feeding organisms, and bonding by organic material (Hill et al.,
2007).
Mud aggregation accounts for the observed removal of suspended mud particles from the
water column. The removal, however, is incomplete and mud is retained in the lowermost
part of the water column as a thin, turbid nepheloid layer that has a higher concentration
of suspended sediment (Hill et al., 2007).
A variety of transport mechanisms exist whereby mud aggregates are transported. Semiconsolidated aggregates can be eroded as mud clasts by storm waves and transported as
bedload (Schieber et al., 2010). Marine processes, such as gravity-driven underflows,
including wave-enhanced sediment gravity flows, play a primary role in transporting mud
aggregates (Friedrichs and Wright, 2004; Traykovski et al., 2007; Macquaker et al.,
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2010a; Plint, 2014). Under the influence of gravity, the sea-bed suspended nepheloid
layer can be transported down-slope, even where the gradient is very low (Friedrichs and
Wright, 2004; Bhattacharya and MacEachern, 2009). These low gradients are not,
however, capable of generating autosuspension, and therefore storm waves are crucial in
maintaining the suspended nepheloid layer (Bhattacharya and MacEachern, 2009). Thus,
storm waves play a major role in the resuspension of mud aggregates and in generating
the combined flows that are responsible for net transport (Plint et al., 2012).
In the absence of gravity-driven flow, wave resuspension of the bottom nepheloid layer
allows additional marine processes to transport sediment. These include along-shore
currents and combined flows that transport sediment shore-parallel or shore-oblique
(Varban and Plint, 2008a). Importantly, this horizontal advection of mud floccules takes
place when the influence of gravity is inadequate to generate gravity driven flows, such
as when the sea floor has a very low gradient (<0.03 degrees).
The hydrological similarity between mud floccules and silt and sand grains results in the
formation of stratigraphic features in mud-dominated strata that resemble those found in
sand dominated strata. Mud clinoforms [‘clinoform’ = an inclined surface; ‘clinothem’ =
inclined body of rock] have been documented in both ancient and modern muddominated strata (Nielsen et al., 1996, 2003; Cattaneo et al., 2007; Liu et al., 2007; Plint
et al., 2009; Figure 4.5). Clinoforms are structures that form when prodelta bathymetry
drops below effective wave base, where wave resuspension becomes ineffective in
transporting mud and may extend for tens of kilometers (Plint et al., 2009). Long-shore
bottom currents can play an important role in limiting seaward accumulation of mud by
eroding the bases of clinothems (Cattaneo et al., 2007; Liu et al., 2007).
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Figure 4.5 Generic model for the accumulation of a shore-parallel mud wedge down-drift
from a major river mouth. Mud is repeatedly re-suspended by storms and carried along
the shelf by geostrophic flows, and, importantly, by permanent along-shelf currents. The
resulting mud wedge may be hundreds of kilometers long and extend seaward for over
100 km. The top of the mud wedge is limited by ambient wave energy and typically lies
in 20–30 m of water. The seaward margin of the wedge accretes laterally forming
largescale mud clinoforms that downlap onto a sediment-starved shelf mantled with a
veneer of transgressive sediment, commonly shelly sand and gravel (from Plint, 2010).
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Prodelta clinothems documented in the Upper Cretaceous Dunvegan Formation of
Western Canada indicate relatively steep gradients with a high rate of accommodation in
deep water (Plint, 2009). During deposition of the Dunvegan delta complex, water depth
gradually became shallower and the rate of accommodation decreased, resulting in a
change from relatively short, steep to relatively long, low-gradient clinothems. Tiny silt
wave ripples are present almost to the bottom of the Dunvegan prodelta clinothems,
associated with decelerating flow microfacies that record gravity-driven WESGF moving
down the prodelta – and stopping when they got below storm wave base for mud –
resulting in the lap-out of the mud clinothem (Plint, 2009).
Clinoforms do not always form in fine-grained deposits. Apparently tabular geometries
with parallel stratification have been documented in some fine-grained deposits (Varban
and Plint, 2008a), and are interpreted to have been deposited above storm wave base, as
indicated by sedimentary structures including wave ripples and gutter casts. It is inferred
that this geometry can result from deposition in relatively shallow water that impeded the
formation of clinoforms (Varban and Plint, 2008a).
Varban and Plint (2008a) suggested a depth limit – the ‘mud accommodation envelope’
above which storms constantly resuspend the bottom nepheloid layer, resulting in the
transport of the mud aggregates as bedload. The continuous reworking of sediment by
storms results in predominantly horizontal advection, suppressing the development of
clinoform geometries (Plint, 2009). In the Western Interior Seaway, the mud
accommodation envelope was initially proposed to be at depths of 20 to 40 m (Varban
and Plint 2008a). This depth was later revised to extend to 70 meters (Plint, 2014). The
current understanding is that clinoforms may be attributed to relatively deep-water
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settings within which gravity-driven processes can account for downslope transport of
mud sediment above storm wave base for mud (Plint, 2014). Below that depth, the flow
is insufficiently turbulent to maintain the suspension and the sediment settles – resulting
in the observed downlap pattern.
The muddy delta of the Amazon River provides an excellent contemporary example of
mud advection by along-shore currents above wave base (Nittrouer et al., 1996). Below
wave- base, mud is transported downdip by gravity processes and the delta progrades as a
submarine mud clinoform that dip seawards, down to 70 m water depth.
4.2.1

Diagenesis of Mudstone

Generally, early diagenetic processes take place shortly after deposition under relatively
low temperatures, usually less than 25°C. The main control on diagenetic processes is
considered to be the chemistry of the pore water (Morad et al., 2000). At 25 °C, the
progressive decrease in the level of dissolved oxygen leads to different diagenetic zones.
The oxic zone is characterized by a high level of dissolved oxygen, followed by the
suboxic and the anoxic zones; the anoxic zone is characterized by the absence of
dissolved oxygen and bacterial sulphate reduction (Froelich et al., 1979).
A different classification scheme proposed by Berner (1981) suggested geochemical
zones based on the chemical processes that result in organic matter decomposition. The
geochemical zones of Berner (1981) are (1) the oxic zone where oxygen consumption
occurs, (2) post-oxic zone, which is characterized by nitrate reduction, (3) sulfidic zone
where sulphate reduction takes place, and (4) methanic zone which involved methane
formation.
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The early diagenetic processes of mudstone encompass complex interactions between
sediment and the water column. A number of parameters control these geochemical
processes, including the levels of oxygen and sulphate in the pore fluid, the content of
organic matter and iron in the sediment, the rate of sedimentation, as well as the
proximity to a shoreline (McKay et al., 1995).
The Wapiabi strata exhibit an abundance of two diagenetic minerals: siderite and pyrite.
Pyrite (FeS2) and siderite (FeCO3), are excellent indicators of the redox conditions of
interstitial water and the water column during the early burial of sediment.
Pyrite formation is controlled by the supply of decomposable organic matter, dissolved
sulphate, and available detrital iron minerals. In marine sediments, pyrite results from the
reaction of dissolved sulphides, formed by microbial sulphate reduction, with detrital
iron-bearing minerals (Raiswell et al., 1994). In non-marine settings, the formation of
pyrite is greatly limited by the low abundance of sulphate, which may be a useful
indicator of ancient fresh water environments with high organic matter content (Berner,
1984).
Framboidal pyrite, which is a roughly spherical, microcrystalline form of pyrite, forms in
the presence of reducible ferric iron (Fe+3). The reaction produces FeS that, with further
burial and reaction with zero valent Sulphur species, is eventually converted into FeS2. In
contrast, euhedral pyrite crystals are produced as a direct product of the reaction of
FeO(OH) with HS, without forming iron monosulphide intermediates (Raiswell, 1982;
Raiswell et al., 1994; Taylor and Macquaker, 2011). On balance, the formation of pyrite
is a function of the time the ferric iron minerals were in contact with pore-waters rich in

128

sulphides. An abundance of iron oxide in the environment leads to the formation of iron
monosulphides (Taylor and Macquaker, 2000).
Formerly, the presence of pyrite was thought to indicate deposition below an anoxic
water column (Berner, 1970), because sulphides are produced by bacterial reduction of
sulphates under anoxic conditions. However, studies of pyritization have demonstrated
that a few millimetres below the sediment-water interface, sulphate-reducing bacteria can
maintain a reducing environment within the pore fluid (Schieber, 2009).
The concentration of dissolved iron in sediment is controlled primarily by iron reduction
processes that may operate in areas with a high rate of mud supply, exemplified by the
mobile mudbelt systems along the Amazon – Guiana shelf of South America (Aller and
Blair, 2006). In anoxic conditions beneath the sediment surface, anaerobic bacteria
reduce ferric iron to ferrous iron and sulphates to sulphides (Berner, 1970; Taylor and
Macquaker, 2011), with the highest rates of reduction found close to the sediment-water
interface, with a rapid decline with depth (Raiswell et al., 1994). The reduction rate of
sulphate in sediment is highly influenced by the availability of dissolved iron in the porewater (Canfield and Raiswell, 1991; Raiswell et al., 1994).
In settings with a high iron concentration, preferential reduction of iron takes place,
rather than reduction of sulphate, through certain highly efficient pathways (Lovely and
Phillips, 1986). As a result, the concentration of dissolved iron is increased relative to
that of dissolved sulphide. Dissolved sulphide accumulates in the pore fluid only
following the accumulation and deposition of solid-phase iron oxides. This hierarchy is
reflected in the formation of two separate regions in the pore water profile; an upper
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region rich in dissolved iron and a lower region enriched in dissolved sulphides (Raiswell
et al., 1994). Continuous reduction of ferric iron coupled with the absence of sulphide
results in increased precipitation of iron-rich, non-sulphide phases such as ankerite or
siderite (Taylor and Macquaker, 2011). The presence of siderite (FeCO3) in the sediment
is indicative of high ferric iron content, abundant bicarbonate concentration, and
negligible sulphide concentration in the pore water. These conditions may be present
during transgression, when the sea-floor is sediment-starved, or during relative sea-level
fall when the sediment accumulation rate on the shelf is low due to sediment bypass
(Macquaker and Taylor, 1996; Taylor et al., 2002; Macquaker and Jones, 2003).
Numerous studies have shown that the chemical stability of siderite renders siderite
concretions to be a valuable tool with which to evaluate the chemistry of pore water and
the preservation of organic matter (McKay et al., 1995). This is mainly because organic
degradation during sulphate reduction, and subsequent pyrite formation, result in the
formation of bicarbonates and reduced sulphide concentrations in pore water (McKay et
al., 1995). As a result, siderite is an indication of organic matter preservation and pore
water chemistry.
Studies of the late Coniacian to early Santonian marine sediments of the Marshybank
Formation and the lower Puskwaskau Formation (i.e. the Dowling Member) reported that
early diagenetic processes were controlled by a number of factors in marine to nonmarine depositional environments (McKay et al., 1995). These factors include the
chemistry of depositional water, availability of iron and organic matter, sedimentation
rate, position within the shelf profile, and the availability of meteoric water. During
subaerial exposure that resulted from relative sea level fall, coarser sediments of the
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shoreface provide excellent pathways for meteoric pore-water to replace sea water in
marine sediment, resulting in the formation of iron-rich chlorite and siderite (Raiswell,
1971; McKay et al., 1995).
Furthermore, geochemical analysis of early diagenetic siderite from the Turonian –
Coniacian strata of the Cardium Formation reported that oxygen isotopic and elemental
compositions are useful indicators of relative sea level changes (Hart et al., 1992). The
variability of oxygen isotopic composition of siderite is a function of the crystallization
temperature and the isotopic and elemental composition of depositional water, among
other factors. The documented low δ18O values and less ionic substitution of Fe by Mg
and Ca corroborate interpretations of the sedimentology and stratigraphy of the Cardium
Formation (Hart et al. 1992).
4.2.2

Preservation of Organic matter

The preservation of organic matter in sediment is influenced by redox conditions and the
rate of sediment supply. Katz (2005) summarized three complex mechanisms that are
responsible for higher preservation of organic matter near the sediment -water interface.
The first factor is the existence of anoxic or dysoxic conditions in the water column or in
pore waters. This is most notable in stratified basins (e.g. the Black Sea), where bottom
water anoxia inhibits oxidation and bacterial decay from taking place on the seafloor.
This results in the accumulation and preservation of organic matter in the sediment.
The second factor is higher productivity in the photic zone as a result of nutrient influx.
The high nutrient influx accompanying fluvial input (e.g. river floods) generates a rise in
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algal productivity in surface waters, resulting in the accumulation of high volumes of
organic matter near river mouths (Macquaker et al., 2010b).
The third factor that influences the preservation of organic matter is the rate of sediment
supply, which has a complex two-way impact on organic matter preservation. A high
input of organic matter coupled with a low rate of clastic sedimentation could potentially
result in a high concentration of organic matter in the sediment. On the other hand, rapid
sedimentation could result in rapid burial, during which organic matter may spend less
time exposed to oxidizing conditions, thus enhancing the chances of preservation of
organic matter (Coleman et al., 1979).
Macquaker et al. (2010) demonstrated that the aggregation of organic matter with
minerals suspended in the water column enhances the preservation of organic matter.
Packaging the suspended organic matter into larger particles, such as faecal pellets,
shortens their time in suspension, because they settle faster and have shorter exposure
time to oxidizing conditions in the water column. The aggregation process results in local
anoxic or dysoxic microenvironments around the organic aggregates, which further
enhances their preservation (Macquaker et al., 2010b).
In other cases, a high sedimentation rate may result in the dilution of organic material, by
overwhelming the volume of organic material (Loutit et al., 1988). This prompted Tyson
(2000) to suggest a critical point or threshold beyond which a high sedimentation rate
will result in higher dilution of organic matter that surpasses the burial rate.
The average Total Organic Carbon in mudstones ranges between 0.2% and 1.65%;
however, some mudstones exceed these values (Tissot and Welte, 1984). The traditional
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view was that the relatively high preservation of organic matter in mudstones was
indicative of deposition under low – energy, deep water, anoxic or dysoxic conditions
(Wignall 1994; Suter 2006). These basins are typically characterized by a low rate of
sedimentation accompanied by high organic carbon input in the photic zone (Bohacs
1998; Tyson 2000; Katz 2005). This view, however, has been revised with mounting
evidence that black shales could also be deposited in high energy and shallow-water
environments, the presence of mechanisms that are more consistent with the wavegenerated sedimentary structures observed in the rock record (Macquaker et al., 2010a)
and benthic foraminifera in organic-rich black shales (Schieber, 2009). Moreover, studies
on mudstones with high TOC (up to 14.2%) have demonstrated that mud was deposited
in low energy, shallow marine environments (Ghadeer and Macquaker, 2012, Plint et al.,
2012). The accumulation of organic matter was inferred to be the result of phytoplankton
blooms, rapid aggregation of organic and mineral matter and shorter periods of
suspension leading to quick burial.
4.3 Sedimentary Facies of the Upper Wapiabi Formation
4.3.1

The Facies Concept

The term facies, as defined by Walker (1979) and reviewed by Darlymple (2010) as: “…
a body of rock characterized by a particular combination of lithology, physical and
biological structures that bestow an aspect (facies) different from the bodies of rock
above, below, and laterally adjacent”. The term ‘Facies’ is generally used to refer either
to a group of rocks with common characteristics or an interpretation of the depositional
environment where the rocks were presumed to have been deposited. A facies succession
refers to a series of facies that has been repeatedly recorded in a vertical section.
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The sedimentary facies and stratal geometry of the Cretaceous Wapiabi Formation in
southern Alberta demonstrate that deposition of marine sediments took place on a
shallow, low-gradient, and storm-dominated ramp. Towards the south and west, offshore
marine mudstones pass laterally into nearshore and coastal plain facies. Detailed
descriptions of lithology, sedimentary structures and textures, biogenic features and
diagenetic features were based on observation of seven outcrop sections and seven cores.
Sedimentological description combined with well-log correlation enabled sedimentary
facies to be mapped over an area of ~ 90,0002 km. Two facies associations,
encompassing seven facies have been defined.
4.3.2

Facies Association 1: Marine

On the basis of lithology, sedimentary structures, biogenic features, and bioturbation, the
marine facies association is divided into four facies that represent the gradation from
distal marine shelf to foreshore environments.
4.3.2.1 Facies 1: Thinly-bedded, apparently structureless mudstone (Distal shelf)
Description
Facies 1 is one of the most abundant facies throughout the upper Wapiabi Formation,
except in the most south-westerly part of the study area where the formation displays
more heterogeneous lithologies. Facies 1 consists of thinly-bedded to structureless
(following the definition of Macquaker and Adams, 2003), dark grey mudstone with rare
mm-scale laminae of siltstone and very fine sandstone, with rare to absent bioturbation
(Figures 4.6 -4.8).
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Figure 4.6. Facies 1 appears as dark, platy mudstone in outcrop. (A) First record of Facies
1 at Burnt Timber Creek appears at the transition between the Marshybank Member to
the lower Dowling Member (lithostratigraphic units). (B) A closeup of Facies 1 in Burnt
Timber Creek, ~160 m above the base of the measured section.
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Figure 4.7. Facies 1 at Highwood River (A) strong parallel lamination characterizes
facies 1 with lesser amounts of coarser sediment (in comparison with Facies 2 in Figure
4.12; scale bar = 20 cm). (B) An idealized sketch of Facies 1, which is comparable to
both images. (C) Facies 1 in outcrop appears as platy, dark mudstone, showing very rare
to absent bioturbation. Images are ~ 165-167 m from the base of the measured section.
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In some places, these siltstone and sandstone laminae show tiny wave-ripples, and flat to
faint wavy lamination. In core, siderite nodules and early diagenetic pyrite are abundant,
and are commonly observed nucleated around shell or wood fragments. In outcrop,
siderite nodules are common, but weathering has removed most pyrite from surface
exposures. As a result of the weathering of pyrite, facies 1 displays a rusty to yellowish
colour in outcrop.
Bioturbation is weak or absent (bioturbation index BI of 0-1; MacEachern et al., 2010)
and in consequence, the original parallel stratification is well-preserved, with very rare
traces of Helminthopsis observed in core samples (Figure 4.8). Facies 1 contains rare fish
scales and teeth, ammonite and inoceramid shells, and sporadic lags of shell fragments
(Figure 4.9).
Units of Facies 1 range in thickness from a few decimetres to several tens of meters.
Facies 1 is present immediately above flooding surfaces, and shows a gradual upward
transition to bioturbated mudstone of facies 2. The gamma-ray signature of facies 1 is
characterized by high radioactivity values (> API 150), and over 1600 counts/ minute in
field gamma-ray logs using a hand-held spectrometer (Exploranium gamma ray
spectrometer, model GR130). High gamma-ray readings are attributed to the high content
of radioactive elements; Uranium adsorbed on organic matter, Potassium in clay
minerals, and Thorium in resistates such as zircon and monazite. Bentonites are
infrequently documented in facies 1, and have high gamma-ray signatures.
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Figure 4.8. Facies 1 in core is dark, strongly laminated with very rare bioturbation. The
enlarged core sleeve displays well-preserved stratification. Core 14-18-19-18W4 at depth
507 m.
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Interpretation
The abundance of mudstone in facies 1 is interpreted to represent deposition in a
relatively distal offshore depositional setting that received little coarse silt or sand. The
prevalence of mm-scale beds suggests deposition from decelerating flows, although the
general absence of ripples suggests that traction currents were very weak, and that
deposition took place close to or below storm wave base. The sporadic paper-thin
laminae of sand and silt suggest sediment was supplied by episodic storms that scoured
and re-suspended sediment on the sea floor. Mud may therefore have been transported as
a dense hyperpycnal flow, supported, in part, by turbulence induced by storm waves (i.e.
the wave-enhanced sediment-gravity flow of Macquaker et al. (2010).
Long-distance transport across the shelf was probably affected by storm-driven
geostrophic circulation (e.g. Swift et al. 1986). The scarce benthic fauna and general
absence of bioturbation strongly suggests that colonization of the sea-floor was inhibited,
probably as a result of very low dissolved oxygen content in the bottom water (Dashgart
et al., 2015). The absence of evidence of sediment liquefaction suggests that deposition
took place on a dewatered sediment substrate, which is why bioturbaton is interpreted to
reflect low oxygen conditions rather than a fluid mud substrate. Lack of bioturbation in
fine-grained sediments was formerly attributed to seafloor anoxia or hypoxia, or lack of
sediment textural contrast that conceals or limits the recognition of any bioturbation that
might have been present (MacEachern et al., 1999; Shank and Plint, 2013).
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Figure 4.9 Facies 1 contains (A) ammonite and inoceramid shells (Core 14-18-19-18W4
at 443 m), (B) sporadic lags of shell fragments (Core 8-13-22-16W4 at 167 m), and (C)
rare fish scales and teeth (Core 14-18-19-18W4 at 507 m).
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Dashtgard et al. (2015) found that in the modern Gulf of Mexico, benthic macro-fauna
were absent below about 35 m water depth, where dissolved oxygen was in the range of
2-5 mg/l, although microfauna (foraminifera) were able to survive such dysoxic
conditions. Where bottom water contained > 5 mg/l oxygen, burrowing worms and
arthropods, among other macro-fauna, were able to survive and resulted in thoroughly
bioturbated sediment. The presence of ammonite shells and fish scales in facies 1
suggests that the surface waters were well-oxygenated.
Pyrite may have formed as a resulted of the reduction of sulphate under anoxic conditions
immediately below the sediment-water interface (Berner, 1981; Schieber, 2009). The
abundant pyrite in facies 1 may therefore be an early diagenetic mineral that formed in
sediment having a high organic matter content (Taylor and Macquaker, 2000).
4.3.2.2 Facies 2: Dark, thinly-bedded, variably bioturbated silty mudstone (Mid shelf)
Description
Facies 2 consists of dark grey, thinly-bedded silty mudstone with common mm-scale
beds of siltstone and very fine- to fine grained sandstone (~10% more sandstone than
facies 1). In weathered outcrop, units of facies 2 appear fissile to blocky, depending on
the level of bioturbation, which can vary from weak to intense. Units of facies 2 range
typically between a few meters to 20 m thick, within which there is typically an upward
increase in the proportion of sandstone to mudstone, and in the degree of bioturbation
(Figure 4.10). Facies 2 overlies facies 1 and may grade upward into more thicklyinterstratified mudstone and sandstone of facies 3.

141

Figure 4.10. Facies 2 at Highwood River (at ~213m from the base) where it abruptly
transitions into Facies 3 and appears to be intensely bioturbated. Although the
bioturbation is variable for Facies 2, in some places it is very intense resulting in the
absence of any stratification.
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The sandstone beds, which are sharp-based, comprise less than 25% of the total thickness
of facies 2. The very fine-grained sandstone beds display abundant wave- and combined flow ripples as well as parallel lamination (Figure 4.11). Millimeter to cm-scale scours
are common on the base of sandstone beds. Primary stratification is well-preserved where
bioturbation is weak or absent (Figure 4.12).
Facies 2 is characterized by weak to moderate bioturbation (BI = 0-4; MacEachern et al.,
2010). The most common trace fossils are Chondrites and Schaubcylindrichnus. Facies 2
contains rare inoceramid bivalve shells, commonly fragmented, together with rare
ammonites. Fossils may be preserved as the nucleii of siderite nodules, which are
typically 10-20 cm in diameter and common throughout facies 2 units. Centimeter-scale
bentonite beds are randomly distributed throughout facies 2 and are preserved usually
where it is less bioturbated.
Interpretation
The sharp-based, wave-rippled, and parallel laminated sandstone beds are suggestive of
bedload transport under the influence of combined flow (Myrow and Southard, 1991).
The mud component is very probably the result of post-storm settling of suspended mud
clouds that were driven across the shelf by combined flows, possibly influenced by
gravity to form dense muddy hyperpycnites. The upward increase in the intensity of
bioturbation, also corresponding to an increase in grain size, may be related to changes in
oxygen content in the water column. The observed increase in the proportion of sand may
be a reflection of the proximity to the shoreline, coupled with a minor decrease in water
depth.
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Figure 4.11. Detail of facies 2 at outcrop at Highwood River (~ 190 m above the base).
Facies 2 is characterized by (A) thinly interbedded mudstone with siltstone, yellow
arrows at the top point to symmetrical wave ripples whereas the white arrows show a
small-scale scour; scale bar = 20 cm. (B) Thinly bedded silty mudstone with mm-scale
beds of siltstone and very fine- to fine-grained sandstone.
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Figure 4.12. Facies 2 in Core 14-18-19-18W4 at depth 665 m shows sharp-based mmscale sandstone and siltstone beds. The enlarged core sleeve shows that moderate
bioturbation has, in places, destroyed most of the original lamination.
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4.3.2.3 Facies 3: Heterolithic, centimetre-scale interstratified sandstone and mudstone
(Inner shelf)
Description
Facies 3 is fundamentally heterolithic, and comprises cm-scale interbeds of mudstone and
fine- to very fine-grained sandstone that show an upward increase in bed thickness. Units
of facies 3 gradationally overly facies 2, and grade up into thick bedded, bioturbated
muddy sandstone (Figure 4.13). Facies 3 grades up into hummocky cross-stratified
sandstone of facies 4. The sand component is between 20-40% in the lower part, and
increases up to 50% in the upper part of units. The individual sandstone beds are sharpbased and grade upwards into mudstone. Trace fossils include Chondrites,
Helminthopsis, Planolites, and Schaubcylindrichnus.
Units of facies 3 show sandier-upward successions in which the thickness of sandstone
beds gradually increases upwards within the succession (Figure 4.14). Centimeter-scale
gutter cases and scours have been observed at the bottom of some sandstone beds. Rare
siderite nodules are scattered within facies 3, mostly in the sandstone beds.
Interpretation
Interbedded mudstone and sandstone units comparable to facies 3 have been interpreted
as being deposited from storm-induced combined flows on an open shelf (Duke, 1990;
Myrow and Southard, 1996). The mudstone may represent post-storm deposition of
suspended clay particles (Swift and Thorne, 1991).
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Figure 4.13. An example of Facies 3 in outcrop at Highwood River (~ 215 m above
base). Facies 3 shows an upward increase in the thickness of sandstone beds (the thick
sand at the top is the product of the amalgamation of thinner beds in the foreground).
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Figure 4.14. Facies 3 at Oldman River (~ 123 from the base of the measured section)
displays a minor coarsening upward cycle with sandstone beds showing wave ripples.
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The upward thickening of sandstone beds may be interpreted to represent more effective
sand transport in shallow water, and the amalgamation of several thinner storm beds as a
result of reworking during major storms (Myrow and Southard, 1996).
The variation in the intensity of bioturbation may be interpreted to record a variable rate
of bioturbation and rate of physical reworking of sediments by storm activity. However,
the recent investigations by Dashtgard et al. (2015) suggest that the variable degrees of
bioturbation within the units of facies 3 may be the result of variation in the amount of
dissolved oxygen in seawater. The variability of the degree of bioturbation was
interpreted to reflect the stress placed on benthic fauna when the level of dissolved
oxygen was reduced by 80% (Dashgard et al, 2015).
4.3.2.4 Facies 4: Hummocky cross-stratified sandstone (Lower shoreface)
Description
Facies 4 forms units that range in thickness from a few to several tens of metres. Facies 4
may have either a sharp or gradational contact with underlying, more thinly-stratified
heterolithic rocks of facies 3 (Figure 4.15). Facies 4 is characterized by sharp-based, dmscale beds of fine to very fine-grained sandstone in which hummocky cross-stratification
(HCS) is the dominant sedimentary structure. The base of HCS beds may show gutter
casts cut in mudstone. Individual sandstone beds are commonly lenticular on a scale of
metres as a result of scour and amalgamation with adjacent beds. The top surfaces of
HCS beds are commonly ornamented with wave- or current ripples. Sandstone beds
show an abrupt upward gradation into thinly-bedded silty mudstone. Bioturbation varies
from absent to locally intense.
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Figure 4.15. Facies 4 at Oldman River (~ 135m from the base of the measured section) is
characterized by dm-scale beds of fine- to very fine-grained sandstone with hummocky
cross-stratification (top to left in upper image). The cross-stratification is well-preserved
where bioturbation is almost absent.
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HCS sandstone is characterized by internal lamination that steepens from parallel at the
bottom to low-angle lamination at the top. Wave or current ripples are commonly found
on top of the HCS beds, and gradually transition into the overlying thinly-bedded
mudstone. Very weak bioturbation was observed in this facies. Some HCS beds at
Highwood River section display intense bioturbation by Phycosiphon.
Interpretation
Hummocky cross-stratified sandstone of facies 4 is interpreted to represent deposition in
a storm-dominated environment. HCS beds form during intense storms or hurricanes
(Duke, 1985), where oscillatory flow is dominant (Arnott and Southard, 1990) as
demonstrated in flume experiments (Dumas et al., 2005).
Sand was transported from the shoreline, and was moved basinwards by combined flows
(Duke, 1990; Snedden and Nummedal, 1991). Many examples of HCS beds show
evidence for bed amalgamation as a result of scour by successive storms (Snedden and
Nummedal, 1991; Myrow and Southard, 1996). Facies 4 is characterized by weak
bioturbation that may have formed by opportunistic infauna that colonized the substrate
following storms. Facies 4 is interpreted to have been deposited between fair-weather and
storm wave base.
4.3.2.5 Facies 5: Clean, well-stratified sandstone (Shoreface to beach)
Description
Facies 5 is typified by mudstone-free, lower- to upper fine-grained, well-sorted sandstone
that forms units up to several meters thick (Figure 4.16). The lower units of facies 5 are
characterized by swaley cross-stratification while the upper part is characterized by
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Figure 4.16. Facies 5 is characterized by clean, lower to upper fine-grained, well-sorted
swaley cross-stratified sandstone that gradually changes into trough cross stratified (in
some places) and planar-laminated sandstone (Oldman River section at 137 m).
152

trough-cross-stratified sandstone that grades up into planar-laminated sandstone. SCS
sandstone beds (fine – medium sand) have sharp and erosive bases, and usually overlie
HCS sandstones (very fine – fine sand) of facies 4, with occasional sideritized mud
pebbles at the base of the SCS sandstones. At the very top of facies 5, some beds are
topped by rooted, parallel-laminated and cross-stratified, fine- to medium-grained
sandstone (Figure 4.17). SCS sandstones show rare bioturbation, and trace fossils are
mainly mud-lined.
Interpretation:
Swaley cross-stratification is a structure interpreted to be formed under the influence of
storm waves in fine to medium sand, and therefore facies 4 is interpreted to have
deposited under storm conditions in the middle to upper shoreface. SCS represent a more
proximal equivalent of HCS, deposited in higher energy setting (Leckie and Walker,
1982; Walker and Plint, 1992). The upper units of cross-bedded and parallel laminated
sandstones are interpreted as nearshore deposits (Clifton, 2006). Trough cross-bedding
formed in sandstone is commonly found in longshore bars or rip channel deposits within
the surf zone and parallel lamination formed on the foreshore (Walker and Plint, 1992).
The lack of preserved mud is probably indicative of intense reworking of the middle and
upper shoreface by storms, resulting in the resuspension and removal of mud above a
certain depth. Mud pebbles at the bases of some SCS sandstone units, coupled with the
sharp, erosive bases, suggest that the base of the shoeface sandstone was a regressive
surface of marine erosion formed during relative sea-level fall as the shoreline prograded
basinwards (Plint, 1991). Alternatively, mud pebbles may suggest intense storm
reworking of mud in the toe of the shoreface.
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Figure 4.17. Image shows several stacked and truncated shoreface successions of facies 5
at Highwood River (~270-280), separated by minor flooding surfaces.

154

The gradual transition from laminated to structureless sandstone with the presence of
plant roots at the top of the sandstone units suggests the transition from foreshore to
backshore environment (Walker and Plint, 1992).
4.3.3

Facies Association 2: Non-marine facies:

The non-marine facies association is present only in the most southwesterly part of the
study area, typified by the section logged on the Oldman River. Two facies have been
identified; channelized and non-channelized deposits.
4.3.3.1 Facies 6: Fine-grained sandstones and mudstones with evidence of pedogenic
modification (Non-Channelized Coastal Plain)
Description
The Oldman River section provides a complete section through the non-marine facies of
the Wapiabi Formation (Figure 4.18), and other examples of this facies are seen at
Highwood River. Non-channelized coastal plain deposits comprise a diverse array of
broadly tabular sandstone and mudstone beds, interstratified on a decimeter to meterscale (Figure 4.19A).
The lowermost units of facies 6 are commonly dominated by dark grey to black mudstone
varying in thickness from a few decimeters to several meters, with some scattered bivalve
shells. These units overly fluvial channel fill, or rooted foreshore to backshore
sandstones. The mudstone contains sparse plant debris and roots, and centimeter-scale
interbeds of fine sandstone with some current ripples and parallel lamination. The
mudstones grade upwards from finely laminated, dark mudstone to rubbly silty
mudstone. This transition is accompanied by gradual change in colour from darker grey
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to green (Figure 4.19B). Overlying the rubbly silty mudstone units are sandier-upwards
successions of stratified mudstone to interstratified mudstone-siltstone to sandstone. The
upper parts of these sandstones are more sideritized, intensely rooted and display
evidence of dinoturbation. The overall appearance of the exposure is blocky and
weathered, with colour varying between grey to pale green.
At a height of ~46 m in the Oldman River section, centimetre-scale, rubbly silty
mudstone grades upwards into coaly mudstone dominated by coalified plant debris
(Figure 4.20), and characterized by a lack of bioturbation. These centimeter-scale beds
are overlain up to 30 cm of coal. Tabular sheets of sandstone interstratified with silty
mudstone up to 30 cm thick are stacked into meter-scale bed sets, with current rippled
and cross bedding as the main sedimentary structures. These relatively thin sheets of
sandstone are characterized by sharp, dinoturbated bases, rooted tops, and pass laterally
into rubbly mudstone beds.

156

Figure 4.18. Complete graphic log and total gamma-ray log for the Oldman River section.
157

Figure 4.19. Facies 6 comprising non-channelized coastal plain deposits with evidence of
pedogenetic modification. (A) Crevasse splay sandstone at 286 m at Highwood River
with evidence of dinosaur track cast on the base of the sandstone (yellow arrows); (B)
Pale green to grey, very fine-grained sandstone paleosol with wood debris that marks the
top of the shoreface sandstone succession (C) Teredo borings (Teredolites) in wood,
showing that it must have been in sea water at some point - then probably washed up on
the beach. Location is approximately 283 m at Highwood River.
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Figure 4.20. Facies 6 in Oldman River (~46-50 m) is characterized by rubbly silty
mudstone that grades upwards into coaly mudstone.
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Interpretation
Units of facies 6 are interpreted to represent shallow floodplain lakes and poorly-drained
areas between channel levees. The gradual upward transition from muddy siltstone to
muddy sandstone, coupled with the presence of plant roots and dinoturbation is
interpreted as a result of the gradual filling of a shallow freshwater lake or wetland (e.g.
McCarthy and Plint, 1999). The uppermost part of the succession is characterized by a
blockier texture compared to the lower, darker and more laminated portion. The blocky
texture formed in response to root bioturbation and possibly expansion and contraction
during wetting and drying cycles (e.g. Retallack, 1997).
The sandstone sheets that are observed interstratified with rubbly mudstone beds are
interpreted to represent crevasse splay deposits (McCarthy and Plint, 1999). Fan-shaped
crevasse splays form on floodplains as a result of rivers overflowing their levees during a
flood (Bridge, 2003). As such, crevasse splay deposits have a lenticular geometry,
thinning away from the levee and being interbedded with floodplain mudstones. The
sharp, planar basal contacts with the rubbly mudstone units, sedimentary structures
resulting from a unidirectional current, the lenticular geometry as well as the dinosaur
bioturbation all support the above interpretation.
In non-channelized coastal plain settings, peat can accumulate under conditions of low
clastic input and rising local water table. These conditions result in poor drainage and
anaerobic conditions that favour the accumulation of organic matter (Nichols, 2009). The
coal beds and coaly mudstone units are interpreted to represent poorly drained freshwater
swamps or lakes on a coastal plain. Fine lamination indicates deposition in a quiet
environment, where the lack of wave or current action, combined with fine-grained
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sediment input and organic material and no bioturbation resulted in the formation of
coaly mudstone. The presence of coal above foreshore to backshore deposits suggest a
rise in the local water table, which might be attributed to an early stage of relative sealevel rise (Plint et al., 2001). Over the long term, the partial flooding of the coastal plain
was probably due to subsidence of the coastal plain, which permitted the preservation of
the organic detritus. However, some of the coal accumulation may have taken place in
response to eustatic sea-level rise.
4.3.3.2 Facies 7: Cross-stratified medium- to coarse-grained sandstone (Channelized
Coastal Plain)
Description
Facies 7 consists of units of medium to coarse-grained, cross-bedded sandstone that grade
upward into fine- to very fine-grained sandstone with current ripples and in some places
climbing current ripples. These sandstone units display a lenticular geometry, and were
observed to be up to 10 meters thick, with prominent cross-sets of decimeter scale
(Figure 4.21). The bases of facies 7 sandstones are scoured, sharp contacts with the
underlying rocks, with prominent groove marks and localized dinoturbation. The base of
most of the cross-bedded sandstone units is scattered with mud clasts, logs of coalified
wood and finer plant debris (Figure 4.22).
Interpretation
The thick, cross-bedded sandstone bodies with erosive bases and lenticular geometry that
comprise facies 7 indicate unidirectional paleoflow and are interpreted as fluvial channel
deposits (e.g. Miall 1996, 2006; Bridge 2006). Observation of limited exposure
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suggested that large-scale accretion surfaces were not present, which suggests that these
channel deposits may not represent laterally-migrating channels but instead may represent
anastomosed river channels. The dominant cross-bedding records the migration of
subaqueous sand dunes on the channel bed. The upward transition from trough crossbedding at the bottom of the channel to current ripples at the top (accompanied by the
change in grain size) indicate that current velocity diminished from the deepest portion to
the shallower margin of the channel (McCrory and Walker, 1986). Dinoturbation resulted
from dinosaurs walking on the top of the channel fill. Once the channels were abandoned,
plant colonization ensued.
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Figure 4.21. Facies 7 is characterized by meter-scale clean, well-sorted trough crossstratified sandstone with mud pebbles and some woody debris. Image (A) taken at 56 m
at Oldman River and (B) taken at 292 m at Highwood River. Sketch to the right
summarized image (A).
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Figure 4.22. Facies 7 is characterized by scoured basal contacts with underlying rocks,
(A) wood debris is common, as well as (B) prominent linear scours and pot casts at the
base of channels (C) lumpy top showing localized dinoturbation and (D) burrow trace
fossils in the top of very fine sandstone.
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4.4 Facies Distribution and Paleogeography
The sedimentological evidence obtained from core data, coupled with wireline log data,
shows that most of the northern part of the study area is dominated by mudstone.
Mudstone observed in cores was dominated by parallel lamination, with occasional wave
ripples and insignificant amount of siltstone and fine sand, suggestive of deposition in an
offshore setting. Lateral facies change took place south of latitude 51ºN mostly in the
upper part of the study interval in units 3 and 4. Unit 1 shows sedimentary facies
variation to a smaller degree. The limited sedimentological data obtained from outcrop
and core within the ~90,000 km2 study area provides an insufficient basis for a
comprehensive interpretation of facies distribution. Therefore, facies distribution and
paleogeography will be based mainly on wireline well-log data.
4.4.1

Sandstone distribution

Construction of sandstone isolith maps was based on the change in well-log signature
from mud-rich to sand-rich signatures. The gamma-ray response in mud-dominated facies
is characterized with higher API values were strata are muddier and tend to gradually
deflect towards lower API values with increasing sand. A gamma-ray value of less than
75 API was taken as the cut-off value for clean sandstone. Thickness of clean sandstone
was then used to construct sandstone isolith maps using Surfer©.
Around latitude 51°N, allomembers B, C and D show some variation in log signature
with localized development of more sand-rich sediment. South of latitude 51°N, well-log
signatures for most of Unit 3 and 4 indicate a higher sand content. The sandstone isolith
maps are summarized in Figures 4.23 to 4.33. In addition, sandstone isolith maps reveal
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the distribution of sandy sediment within each unit, probably reflecting the position of
paleoshorelines. These data provide the basis for the paleogeographic construction
presented in the final part of the chapter.
4.4.1.1 Unit 1: Allomember A, B and C
Allomember A of unit 1 contains no significant sand. The isoliths map of allomember B
shows a localized, irregular sandbody around latitude 51°N that extends 120 – 140 km
eastward, and reach ~3 m in thickness. Sandbodies in allomember C are more linear and
lobate, extend ~140 km into the central study area, and reach ~3 m thick. Allomember D
has a single isolated sandstone patch in the north-western part of the study area.
Sandstone in allomember D extends ~ 60 km and reaches ~3 m thick.
A comparison of the isopach maps and sandstone isolith maps of allomembers B, C and
D shows that areas of localized accumulation of sand correspond to relatively thin areas
shown on isopach maps around latitude 51°N, that are interpreted to have been areas of
relatively low subsidence (Figure 3.22-3.24). It is possible that the elongate regions of
sandstone represent elongate deltas that were able to prograde across regions of slower
subsidence. In contrast, the thicker, and hence more rapidly-subsiding regions to north
and south may have caused sand to be trapped close to the orogenic margin, inhibiting
delta progradation in those parts of the basin.
4.4.1.2 Unit 3: Allomembers I, K and L
Isolith maps of unit 3 show that allomember J lacks significant sand, whereas several
sandstone bodies are present within allomembers I, K and L. Sandstone in allomember I
forms two isolated bodies in the western part of the area that extend eastward for 40 to 60
166

km, and reach up to 2 m thick at about latitude 51°N (Fig. 4.26). Sandstones in
allomember K are localized on the southern and western margins of the study area, and
are 40 to 100 km long, and 2-3 m thick (Fig. 4.27). Allomember L is dominated by
sandstone bodies that reach ~ 35 m in thickness and transition laterally into mudstone
towards the north (Fig. 4.28).
The distribution of sandstone in allomember I appears to follow the pattern displayed by
allomembers B and C of unit 1, in which sandstone tends to be located in regions of
lower subsidence that permitted the progradation of deltas. Allomember K appears to
represent the development of a new deltaic system that started to develop in the
southwestern part of the area. The sandstone isolith maps of allomember L show that
sandstone dominates the southwestern part of the study area. The outline of the sandstone
appears to correspond closely to the depositional depocenter of allomember L (Fig. 3.30).
This may be an indication that compaction has played a role in the observed subsidence
pattern.
The restriction of thick sandstone accumulations to the southwest corner of the study
region may be a reflection of a tectonic control on the location of one or more major
rivers that drained the adjacent Cordillera. There is a close correspondence between the
sandstone isolith maps of allomember L and the corresponding isopach map. This
suggests that the depositional pattern may have been influenced by underlying structural
elements. It is postulated that the sandstone load concentrated in the SW may have driven
isostatic subsidence that tended to exploit relatively weak zones (e.g. Shurr and Rice,
1986) along the basement structures across which differential subsidence took place (see
further discussion in Chapter 5).
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Figure 4.23. Sandstone isolith map of allomember B. Contours are in 1 m intervals.

168

Figure 4.24. Sandstone isolith map of allomember C. Contours are in 1 m intervals.
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Figure 4.25. Sandstone isolith map of allomember D. Contours are in 1 m intervals.
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Figure 4.26. Sandstone isolith map of allomember I. Contours are in 1 m intervals.
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Figure 4.27. Sandstone isolith map of allomember K. Contours are in 1 m intervals.
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Figure 4.28. Sandstone isolith map of allomember L. Contours are in 10 m intervals.

173

The shoreface sandstone of allomember L is dominated by SCS suggesting strong storm
wave influence. Fine-scale mapping of parasequences within L (L1 through L4) show
that sand bodies appear to have prograded, and are progressively offset eastward (Figures
4.29-4.32).
4.4.1.3 Unit 4: Allomember M
Isolith maps of unit 4 show that there was no significant deposition of sand in
allomember N. The isolith map of allomember M shows two cuspate, northeast-trending
sandstone bodies, each ~10 m thick (Fig. 4.33). The allomember M sandstone isolith map
shows that the sandstone body is displaced to the south-west, relative to the sandstone in
the underlying parasequence L4. Sandbody stacking pattern is discussed further in
Chapter 5.
4.4.2

Paleogeographic Maps

A series of summary paleogeographic maps (allomembers L1 through L4) were
constructed using the transgressive limit of the mudstone (blue line) and the progradation
limit of shoreface sandstone (yellow line; Figures 4.34-4.38). In the maps, lateral facies
transitions between marine mudstone (blue), coastal sandstone (orange) and coastal plain
sediment (green) were constructed largely based on well-log signatures and extended
where possible in outcrop. The transgressive limit for each unit is defined by the extent to
which transgressive marine mudstone caps the underlying subaerial coastal plain.
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Figure 4.29. Sandstone isolith map of parasequence L1. Contours are in 2 m intervals.

175

Figure 4.30. Sandstone isolith map of parasequence L2. Contours are in 5 m intervals.
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Figure 4.31. Sandstone isolith map of parasequence L3. Contours are in 3 m intervals.
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Figure 4.32. Sandstone isolith map of parasequence L4. Contours are in 3 m intervals.
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Figure 4.33. Sandstone isolith map of allomember M. Contours are in 3 m intervals.
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Across the marine transgressive limit, the gamma-ray log response transitions gradually
from a simple sandier upward log-pattern to a ‘random’ log-pattern that represents
interbedded sandstone and mudstone of coastal plain deposits. This is taken as an
approximation of the transition from marine to non-marine deposits. The progradational
limit of the shoreface sandstone is placed at the downdip limit of the clean sandstone
where the log character changes from sand-rich to a mud-rich signature. The facies and
paleogeography of each unit will be discussed with reference to the data above.
4.4.2.1 Unit 1: Allomembers A through D
Allomember A contains insignificant sandstone, and is composed predominantly of
mudstone suggesting that the entire area was far from a shoreline, with deposition in
several tens of m of water. Allomembers B, C and D show elongated to lobate
accumulations of more sand-rich sediment suggestive of deposition in elongate river
deltas. Unfortunately, no core or outcrop data sample these narrow sandstone bodies and
hence their sedimentary facies are unknown. The log signature does not indicate clean
delta-front sandstone and hence the sandstones may represent deltaic bodies that were
top-truncated by ravinement.
The absence of recognizable paleoshoreline sandbodies in unit 1, with minor deltaic
deposits adjacent to latitude 51ºN, may be interpreted to reflect a generally high rate of
flexural subsidence that inhibited the progradation of coastal depositional systems to the
north and south of latitude 51ºN (cf. Varban and Plint, 2008).
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4.4.2.2 Unit 3: Allomember L
The paleogeography of allomember L is better explained through approximate time slices
represented by parasequences L1 to L4 (Figs. 4.34 – 4.38). The transgressive limit of unit
L1 lies outside the study area to the southwest. Parasequence L1 prograded up to 120 km
eastwards of the deformed belt (Fig. 4.34), building a deltaic complex up to 16 m thick.
Parasequence L1 is exposed at Highwood River and Oldman River (Figure 3.36 and
4.20) and is dominated by clean, well-sorted, cross-stratified sandstone (facies 5). The
facies distribution, as well as the cuspate planform of sandstone in parasequence L1
suggests deposition in a strongly wave-influenced environment.
Marine transgression took place at the base of parasequence L2 as recorded by a flooding
surface, and the transgressive limit of unit L2 lies outside the study area to the southwest
(Fig. 4.35). Up to 160 km of coastal progradation took place in parasequence L2,
building a delta complex of up to 16 m thick. Marine sandstone of parasequence L2 is
exposed at Highwood River and Oldman River and is dominated by SCS (Facies 5). The
progradational limit of parasequence L2 has a lobate outline that may suggest less
efficient wave reworking.
Marine transgression at the base of parasequence L3 drove the transgressive limit 15 – 80
km landward relative to L2 (Fig. 3.36). This was followed by coastal progradation of up
to 100 km. Transgression at the base of parasequence L4 moved the shoreline some 1080 km landward, followed coastal progradation of up to 100 km (Fig. 3.37). Nearshore
deposition of parasequences L3 and L4 is contemporaneous with accumulation of coastal
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plain deposits in the far southwest of the study area that has been recorded in facies 6 and
7.
4.4.2.3 Unit 4: Allomember M
Marine transgression at the base of allomember M involved an approximately 40 km
shoreline backstep, followed by ~80 km of coastal progradation forming a broadly linear
NW-SE-trending sandbody (Fig 3.38). Coastal progradation was accompanied by
accumulation of alluvial deposits on the updip of coastal plain up to 100 km basinward.
Summary of Chapter 4
This chapter was mainly concerned with the sedimentary facies studied within the study
interval. The chapter started by providing a brief introduction of sediment transport and
mud sediment. Two main facies associations were described; marine and non-marine.
These facies allowed the construction of sandstone isolith maps based on the distribution
of marine sandstone in outcrop, and integrating that data with the subsurface signature of
sandstone on gamma-ray logs (<75 API). The construction of the isoliths maps coupled
with subsurface signature of non-marine deposits permitted the construction of
paleogeographic maps that show shoreline migration through time for allomembers L and
M. These paleogeographic maps will be used in the following chapter to reconstruct the
depositional history of the study interval.
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Figure 4.34. Summary paleogeographic map of parasequence L1. Wave-dominated delta
front shaded in orange. Off-shore-shelf environment shaded in grey.
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Figure 4.35. Summary paleogeographic map of parasequence L2. Wave-dominated delta
front shaded in orange. Off-shore-shelf environment shaded in grey.
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Figure 4.36. Summary paleogeographic map of parasequence L3. Coastal plain
environment shaded in green. Wave-dominated delta front shaded in orange. Off-shoreshelf environment shaded in grey.
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Figure 4.37. Summary paleogeographic map of parasequence L4. Coastal plain
environment shaded in green. Wave-dominated delta front shaded in orange. Off-shoreshelf environment shaded in grey.
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Figure 4.38. Summary paleogeographic map of allomember M. Coastal plain environment
shaded in green. Wave-dominated delta front shaded in orange. Off-shore-shelf
environment shaded in grey.
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Chapter 5 Allogenic Controls on Sedimentation
The geometry of stratigraphic units is controlled by three main factors: the interplay
between accommodation and sediment supply, large- and small-scale tectonics, and
changes in eustatic sea-level (Miall, 2008; 2010). Generally, accommodation generated
by eustatic sea-level rise produces rock bodies of more tabular aspect compared to those
strongly influenced by tectonism or variable sediment supply. Thus, the geometry of
ancient rock bodies can provide information about the various external controls on
sediment accumulation.
In the present study, isopach maps of stratigraphic ‘units’ (comprising several
allomembers), individual allomembers, and isolith maps of sandstone bodies in the upper
Wapiabi allomembers will be compared to aeromagnetic maps as a means to assess the
relative roles of regional flexural subsidence, subsidence localized over terrane
boundaries in the Precambrian basement, and eustasy. The upper part of the studied
interval, encompassing allomembers L and M (late Santonian to early Campanian)
provide a particularly detailed view of shoreline movement in response to changes in
accommodation.
5.1 Basis for the interpretation of isopach maps
Isopach maps provide the basic information upon which an interpretation of allogenic
controls can be built. An isopach map records accommodation that may have been
generated by both tectonic and eustatic change, and also the topography (or bathymetry)
of the depositional surface. Furthermore, the influence of compaction may be recorded as
well in the observed subsidence patterns. The sedimentological evidence provided by the
rocks of the upper Wapiabi Formation (Chapter 4), show that the shelf and shoreface
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were strongly influenced by storm waves. Stratigraphic correlation (Chapter 3) shows
that allomembers A through K, which are mudstone-dominated and were deposited
offshore, show no evidence of clinoform geometry. It is therefore reasonable to infer that
the Wapiabi sea floor constituted an extremely low-gradient (order of 1:1000 or less),
wave-graded ramp, lacking a ‘shelf-slope-basin’ clinoform geometry (cf. Varban and
Plint, 2008a, 2008b, Plint et al 2012; Buckley et al. 2016). Closer to shore, the sea floor
must have steepened somewhat as muddy sediment gave way to sand in the shoreface
region. To landward of the shore, the coastal plain would have aggraded to the fluvial
equilibrium profile which would have formed a near-planar surface, inclined seaward at
approximately 1:5000 (e.g. Plint and Nummedal, 2000). In the sea, sediment would have
accumulated up to an ‘accommodation envelope’ defined by ambient wave energy (Plint
et al. 2012). The shelf experienced very efficient lateral transport of sediment by stormgenerated combined flows that would have redistributed sediment (mostly mud), across
the shelf to fill any regions that lay below the accommodation envelope, thereby
maintaining a planar surface. Similarly, on the coastal plain, autogenic processes (e.g.
crevasse splays, channel migration, channel-belt avulsion), would ensure that low-lying,
inter-channel regions of the alluvial plain were preferentially filled with sediment,
ensuring that over the long term, the seaward-inclined fluvial equilibrium profile was
maintained. Thus, the topography of the depositional surface, both marine and nonmarine, can be treated, at a first approximation, as a planar, very gently-seaward inclined
surface.
On this basis, isopach maps of allostratigraphic units can be interpreted to provide a
picture of the regional (100s of km) pattern of accommodation. The thickness of each
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allostratigraphic unit, bounded by two regional flooding surfaces, would therefore reflect
the pattern of accumulation of sediment between those two proxy time planes. In this
approach, water depth is ignored and the accommodation envelope is treated as ‘base
level’. A broadly tabular body of rock could therefore be interpreted to record
approximately uniform generation of accommodation, either by eustatic rise and/or
uniform tectonic subsidence. Deviation from this uniform pattern of accommodation
generation would suggest non-uniform tectonic subsidence.
5.2 Tectonic control on sedimentation
The wedge shape of rock bodies deposited in foreland basins reflects regional
lithospheric flexure in response to (1) the static load exerted by the thickened crust in the
adjacent orogen, and (2) the dynamic load that resulted from the drag exerted on the base
of the lithosphere by downwelling mantle, entrained by the subducting oceanic plate.
Subsidence may also be influenced by differential flexure across deep-seated structural
lineaments in the crystalline basement.
Modelling studies have suggested that mantle drag can result in regional subsidence of
the upper plate that can extend of the order of 1000 to 3000 km inboard from the plate
margin (e.g. Burgess et al, 1997, Liu and Nummedal 2004; Liu et al. 2014). Because
dynamic subsidence operated over an area much larger than the present study area,
accommodation due to dynamic mantle flow can be treated as ‘uniform background’, and
had no influence on more localised patterns of subsidence observed on the 10-100 km
scale. Conversely, static load is applied to only one side of the foreland basin and hence
the resulting flexural subsidence is highly asymmetrical, accommodating wedge-shaped
rock bodies that thicken towards the orogen. In addition to dynamic and static loads,
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additional accommodation is generated by the load of both sediment and water (Jordan
and Flemings, 1991).
5.3 Interpretation of Isopach Maps
The apparent pattern of subsidence with the foredeep varies dramatically, depending
upon the time scale upon which the interpretation is based. The base of the Santonian is
currently determined to be at 86.49 Ma and the base of the Campanian is at 84.19 Ma,
giving the Santonian a span of 2.3 Myr (Sageman et al., 2014). The base of the studied
section is effectively the Coniacian-Santonian Boundary (Plint et al. 2017) and the
Santonian-Campanian boundary, determined on the basis of paleomagnetic evidence
(Leahy and Lerbekmo, 1995), lies near the top of alluvial strata assigned to allomember
M of the present study. No radiometric dates are available for the upper Wapiabi strata in
Alberta and hence it is only possible to interpolate the time span of allostratigraphic units.
Thus, if the entire upper part (i.e. Santonian) of the Wapiabi alloformation spans about
2.3 Myr., then units 1 through 3 (comprising allomembers A-L) might average ~ 700 kyr.
each. If allomember M (latest Santonian, assigned to unit 4) is included, then
allomembers (A through M) might have an average duration of ~175 kyr.
5.3.1

Alloformation scale subsidence

In order to better visualize the regional pattern of subsidence for the entire study interval,
an isopach map constructed by Hu (1997), was combined with one produced in the
present study (Fig. 5.1). The upper Wapiabi isopach shows that the rocks form a
prominent south-westward thickening wedge, with the greatest thickness of sediment (~
350 m) preserved between about 52-53ºN; this depocentre extends to the SE where up to
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Figure 5.1. Isopach map of the upper Wapiabi Formation (this study) combined with the
Puskwaskau Formation maped by Hu (1997). Contours interval is 20 meters.
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~ 300 m is preserved in the present study area. The strike of the flexed surface does not,
however, precisely parallel the present deformation front, being characterized by a reentrant at ~ 52º30'N and a promontory at about 50º50'N (Fig. 5.1). Overall, the total
isopach map shows a pattern commensurate with broad flexural subsidence driven by the
static load of the accretionary wedge.
5.3.2

Unit-scale subsidence

The isopach map of unit 1 (allomembers A-D in the present study area; Fig. 5.2),
combined with the map of Hu (1997), shows a subtly arcuate flexural depocentre centred
at ~ 53º30'N, but which can be traced southward to ~50ºN. Isopleths approximately
parallel the present margin of the deformation front. This isopach map shows that during
unit 1 time, subsidence appears to have been relatively uniform over a strike length of >
800 km, suggesting that the orogenic wedge experienced correspondingly uniform
thickening along strike (Fig. 5.3A).
The map of unit 2 (allomembers E-H; Fig. 5.3B; 5.4), shows an arcuate depocentre
located at about 54º30'N. At the centre, this depocentre contains ~ 100 m of strata that,
when traced along strike to the SE, thin progressively, reaching a zero-edge close to
52ºN. To the south, log-based stratigraphy shows that unit 1 is directly overlain by unit 3.
Correlation of the subsurface stratigraphy to outcrop at Highwood River (Fig. 3.39),
shows that the boundary between units 1 and 3 corresponds to ~ 2 m of mudstone
containing a very high proportion of fragmented bivalve debris (oysters, inoceramids) as
well as abundant fish scales, teeth and bones. This bioclast-rich lithology is unique in the
Highwood River section and is interpreted as a condensed facies that is time-equivalent
to about 100 m of mudstone and siltstone to the north.
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Figure 5.2. Isopach map of unit 1 of the upper Wapiabi Formation (this study) combined
with Puskwaskau Formation (Hu, 1997). Contour interval is 5 meters.
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Figure 5.3. Scaled 3D diagram of (A) Unit 1 has relatively uniform subsidence over a
strike length of > 800 km, excluding allomember D onlap onto allomember C. (B) During
Unit 2 time, the study area represents an area of forebulge while subsidence takes place in
the north. Allomember F extends a few kilometres in the northwestern corner of the study
area.
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Figure 5.4. Isopach map of unit 2 of the upper Wapiabi Formation (this study) combined
with the Puskwaskau Formation (Hu, 1997). Brown area shows where unit 2 is no longer
mappable in well logs. Contour interval is 5 meters.
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The sedimentology and diagenesis of the condensed facies has been documented in detail
by O.N. Al-Mufti (pers. comm., PhD in progress). The isopach map (Fig. 5.3) shows
that, during deposition of unit 2, the region of active tectonic loading was located in the
northern part of the basin, and that the present study area was located on the
contemporaneous forebulge, where accommodation was effectively nil.
The map of unit 3 (allomembers I-L; Fig. 5.5) shows an arcuate depocentre, containing ~
180 m of sediment, centred at 53ºN. Towards the NW, strata become thinner, reaching a
zero edge at ~55ºN. To the south, the depocentre extends laterally into the present study
area, where >180 m of section is preserved. Within the study area, iosopleths are
deflected to the east at about 50º30'N, forming a prominent re-entrant that extends ~150
km eastward from the deformation front. Unit 3 records a renewed phase of subsidence
focussed on the central and southern part of the basin, with a corresponding flexural
forebulge in the far NW (Fig. 5.6A).
Unit 4 (allomembers M and N, Fig. 5.6B; 5.7) comprises two domains. To the north of
~50º30'N, unit 4 thickens gradually to the NE, whereas to the south of that latitude, the
pattern is more irregular.
What seems clear is that flexural subsidence, driven by the static load of the orogen, was
not important during deposition of unit 4. Instead, it is possible that the subtle thickening
to the NE reflects differential infilling of sea-floor bathymetry that deepened gradually to
the NE. The north-eastward thickening of the mudstone that forms allomember N, which
amounts to about 30 m (decompacted) over ~ 250 km, suggests a sea-floor slope on the
order of 10 cm/km. Additional details of unit 4 are discussed below.
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Figure 5.5. Isopach map of unit 3 of the upper Wapiabi Formation (this study) combined
with the Puskwaskau Formation (Hu, 1997).
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Figure 5.6. Scaled 3D diagram of (A) Unit 3 records a new phase of subsidence. Stacked
parasequences of allomembers K through L record the progressive advance of the
shoreline. (B) Unit 4 records period of low subsidence in allomembers M through N.
Allomember N lacks significant sandstone and marks the onset of major marine
transgression.
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Figure 5.7 Isopach map of unit 4 of the upper Wapiabi Formation. Contour intervals are 2
m.
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5.3.3

Allomember scale maps

Allomember A (Fig. 5.8) shows two major depocentres in the NW and SW occupied by
wedge-shaped bodies of rock that suggest accommodation creation was largely due to the
static load of the orogenic wedge.
Allomember B (Fig. 5.9) has two major depocentres. In the NW, a minor depocentre
contains > 34 m of sediment that thins steadily to the east, suggesting that flexural
subsidence was primarily responsible for accommodation. Towards the south, isopleths
show an abrupt deflection to the east at about 50º15'N, outlining an eastward-directed
trough. The northern margin of this trough corresponds spatially to the boundary
between the Vulcan Low and the Medicine Hat Block (Fig. 5.9). This could be
interpreted as evidence for differential subsidence between these two Precambrian
domains.
Allomember C (Fig. 5.10) shows minor thickening adjacent to the Cordillera. A central
region of thinning apparently overlies the Matzhiwin High. In the north, narrow E-W
trending regions of thicker and thinner strata can not be related to any deep crustal
structure.
Allomember D (Fig. 5.11) is no more than 10 in total thickness, and shows subtle
thinning towards the centre of the study area and corresponding minor thickening in the
NW and SW that might record weak flexural subsidence. Allomember D is absent from
the southern part of the study area. To a large extent, the southern limit of allomember D
(and specifically the 4 m isopleth) corresponds to the boundary between the Vulcan Low
and the Medicine Hat Block.
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Figure 5.8 Isopach map of allomember A overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Figure 5.9 Isopach map of allomember B overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Figure 5.10 Isopach map of allomember C overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Figure 5.11 Isopach map of allomember D overlain on paleomagnetic map of southern
Alberta. Contours are in 1 m intervals.
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This correspondence suggests that the Medicine Hat Block underwent subtle uplift during
allomember D time, sufficient to eliminate all accommodation.
Allomembers E to H (forming unit 2) are confined to a flexural depocentre north of the
present study area; isopach maps for these allomembers were given in figure 24.5 of Plint
et al. (2012). Only allomember F reaches the NW corner of the study area, but pinches
out a few 10s of km to the south.
Allomember I (Fig. 5.12) can be divided into two broad domains. North of ~50º30'N,
subsidence increases to the west suggestive of a predominantly flexural control.
However, to the south, a prominent eastward deflection of the 16 m isopleth outlines an
E-W trending thin zone that corresponds very closely to the western part of the Vulcan
Low. However, this correspondence between thickness and deep structure dies out
towards the east. The isopach pattern in allomember I is therefore interpreted as evidence
that the Vulcan Low was an area of subtle up-warp whereas the Medicine Hat Block to
the south underwent subtly increased subsidence.
Allomember J (Fig. 5.13) shows broad westward thickening, reminiscent of allomember
A, and suggests that subsidence was driven largely by the static load of the orogen.
However, isopleths in the vicinity of the Vulcan Low show a distinct deflection from N-S
to E-W, showing that the Vulcan Low underwent differential subsidence, whereas the
Medicine Hat Block was subtly elevated. This is the opposite of the pattern seen in the
underlying allomember I. Over the remainder of the study area, basement domains do
not appear to have influenced subsidence to any appreciable extent.
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Figure 5.12 Isopach map of allomember I overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Figure 5.13 Isopach map of allomember J overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.

208

Allomember K (Fig. 5.14) thickens towards the SW, suggesting minor flexural
subsidence. Elsewhere, subsidence does not appear to have been driven by the static load
of the orogen. The 14 m isopleth outlines the northern margin of the Matzhiwin High,
over which sediments show subtle thinning. The western part of the Vulcan Low
corresponds to a subtle thickening of allomember K. Elsewhere, there appears to be little
correspondence between subsidence and deep structure.
Allomember L (Fig. 5.15) as a whole is dominated by a depocentre in the SW, the
margins of which correspond closely to the western part of the Medicine Hat Block, west
of the Orion Low and south of the Vulcan Low. Across the northern part of the study
area, allomember L thickens mainly towards the east, with very minor thickening into the
western foredeep. In the south, allomember L is dominated by sandstone of nearshore
and alluvial origin. An isolith map of total sandstone thickness in allomember L (Fig.
5.16) shows that sandstone is confined almost entirely to the western part of the Medicine
Hat Block, west of the Orion Low. The detailed depositional history of allomember L is
recorded by the facies and stacking pattern of the component parasequences L1 through
L4, details of which are discussed below.
Allomember M (Fig. 5.17) shows little or no thickening towards the orogen, and over the
northern half of the study area, has a broadly sheet-like geometry. A localised area of
thickening in the far SW is occupied by non-marine sediments that appear to be bounded
by subtle changes in the magnetic signature of the underlying Medicine Hat Block.
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Figure 5.14 Isopach map of allomember K overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Figure 5.15 Isopach map of allomember L overlain on paleomagnetic map of southern
Alberta. Contours are in 5 m intervals.
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Figure 5.16. Sandstone Isolith map of allomember L overlain on paleomagnetic map of
southern Alberta. Contours are in 10 m intervals.
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Figure 5.17 Isopach map of allomember M overlain on paleomagnetic map of southern
Alberta. Contours are in 2 m intervals.
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Allomember N is divided into two parasequences, N1 and N2, illustrated separately in
Figures 5.18 and 5.19. Parasequence N1 is confined to the NE where it forms a shallow
saucer-shaped depocentre with a maximum thickness of 10 m (Fig. 5.18). Parasequence
N2 (Fig. 5.19) forms a very acutely-tapered wedge, that has a maximum thickness of 10
m in the NE, and laps out to the SW. In the south, the lap-out limit of parasequence N2
corresponds to the boundary between the Vulcan and Medicine Hat domains. A
secondary, near-circular depocentre, directly overlies the ‘Orion Low’ in the eastern part
of the Medicine Hat Block, suggesting that that structure underwent localised, differential
subsidence, perhaps comparable to that observed by Grifi et al. (2013) in Coniacian strata
in the same area.
5.4 Shoreline migration and sea-level change
Isolith maps of sandstone in allomembers K through M (Figs. 4.27 through 4.33) show
the net advance and retreat of the shoreline through the late Santonian. Clearly, a
shoreline must have existed along the western coast of the Seaway throughout the
Santonian, although post-Santonian tectonic shortening has buried or destroyed the rocks
deposited in this coastal environment. Allomember K records the first major advance of
sandy shoreface sediment into the study area, manifest as two sandy lobes adjacent to the
western margin of the study area (Fig. 4.27). Allomember L, which consists of four
stacked parasequences, records about 140 km of net north-eastward shoreline
progradation, relative to the SW corner of the study area. Figure 5.20, drawn to scale,
summarizes the stacked parasequences that record the progressive advance of the
shoreline during allomember K through M time. Parasequences L1 and L2 form two
sheet-like bodies of mainly swaley-cross-stratified sandstone that represent a broadly
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Figure 5.18 Isopach map of parasequence N1 of allomember N overlain on paleomagnetic
map of southern Alberta. Contours are in 1 m intervals.
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Figure 5.19. Isopach map of parasequence N2 of allomember N overlain on paleomagnetic
map of southern Alberta. Contours are in 1 m intervals.
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Figure 5.20. Chronostratigraphic chart of allomembers K through N of the upper Wapiabi
Formation drawn to scale. The stacked parasequences record the progressive advance of
the shoreline during allomember K through M time. Parasequences L1 and L2 form two
sheet-like bodies of mainly shoreface sandstone with no updip, coeval alluvial strata.
Parasequences L3 and L4 comprise thick shoreface sandstone bodies that grade laterally
updip into SW-thickening wedges of alluvial facies. Allomember M embraces coeval
alluvial, shoreface and offshore facies. The shoreface sandstone belt in allomember M
shows an average transgressive backstep of ~50-60 km relative to the seaward limit of the
L4 shoreface, followed by an average of ~35 km of renewed shoreface progradation.
Allomember N lacks significant sandstone and marks the onset of major marine
transgression, marking the onset of Pakowki Formation deposition and a regression
recorded by the Belly River Formation.
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linear, wave-influenced strandplain shoreface (Figs. 4.34, 4.35). However, the updip
(SW) parts of parasequences L1 and L2 do not appear to contain coeval alluvial strata.
The lack of alluvial deposits suggests that the gradient of the strandplain was very close
to that of the fluvial equilibrium profile, such that rivers were able to transport sediment
to the coast, yet were unable to aggrade vertically, nor incise to form valleys. A
comparable situation was inferred for highly progradational sheet sandstone bodies in the
Cardium Formation (Hart and Plint, 1993 (IAS volume), and the Cadotte alloformation
(Buckley et al. 2016). At such times, the aggradation of alluvial sediment may have been
inhibited by a lack of updip subsidence, and/or by eustatic fall that caused the shoreline to
prograde following a seaward-inclined trajectory. In contrast, parasequences L3 and L4
comprise thick shoreface sandstone bodies that grade laterally updip into SW-thickening
wedges of alluvial facies that reach a thickness of about 10 m (Figs. 4.36, 4.37, 5.18).
This facies distribution suggests that during L3 and L4 time, some subsidence took place
across the SW portion of the coastal plain that allowed vertical aggradation of nonmarine strata. The rate of sediment supply was adequate to fill not only all the updip
alluvial accommodation, but also to drive ~80 km and ~50 km of coastal progradation in
parasequences L3 and L4, respectively.
Allomember M resembles parasequences L3 and L4 to the extent that it embraces coeval
alluvial, shoreface and offshore facies, distributed from SW to NE (Figs. 4.38, 5.18).
However, the shoreface sandstone belt in allomember M (Fig. 4.33), shows an average
transgressive backstep of ~50-60 km relative to the seaward limit of the L4 shoreface,
followed by an average of ~35 km of renewed shoreface progradation. In contrast,
allomember N lacks significant sandstone and marks the onset of major marine
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transgression. Although transgressive marine mudstone in parasequence L2 does not
bury the entire coastal plain, overlying marine mudstone assigned to the lithostratigraphic
Pakowki Formation (and not included in the present study interval), records the complete
drowning of coastal environments in the west. To the north, the same pattern of marine
onlap and regional transgression is recorded by the lithostratigraphic Nomad Member of
the Wapiabi Formation, which is mappable at least as far north as ~55º30'N (Hu, 1997;
Hu and Plint, 2009).
The overall pattern of accommodation observed in allomembers K through N, coupled
with the spatial distribution of successive bodies of shoreface sandstone and alluvial
strata, suggest that net accommodation rate progressively diminished up to the time of
parasequence L2, which was marked by extensive coastal progradation but no coeval
alluvial aggradation. A relatively low accommodation rate persisted into parasequences
L3 and L4, which are characterized by a net aggradational-progradational stacking
pattern with limited updip alluvial aggradation that may reflect minor tectonic subsidence
in the SW, and possibly minor eustatic rise. The backstep of the allomember M
shoreface sandstone body, relative to that of parasequence L4 suggests an increase in the
accommodation rate, relative to sediment supply. The overall sheet-like shape of
allomember M (Fig. 5.18), shows that the increased accommodation can not be attributed
to flexural subsidence and instead it is postulated that the backstep of the M shoreface
was a response to the onset of significant eustatic rise. Eustatic rise accelerated through
allomember N and into the overlying Pakowki/Nomad mudstones, forming a basin-wide
transgressive mudstone blanket.
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The regional regression that culminated in allomember L, and the succeeding
transgression that commenced in allomember M and progressed through allomember L
and above, can be equated with a late Santonian regression and an earliest Campanian
transgression recognized throughout the Western Interior during the terminal stages of
the Niobrara Cycle (Kauffman and Caldwell, 1993). The continent-scale extent of this
regressive-transgressive event strongly suggests an eustatic control.
Individual Wapiabi allomembers, with a duration on the order of 1-2 x 105 kyr, can be
traced throughout not only the present study area but also across the study areas of Hu
(1997), and Al-Mufti (PhD in progress). Given this great spatial extent (order of 200,000
km2), it is reasonable to postulate that the transgressive surfaces that form allomember
boundaries formed primarily in response to high-frequency eustatic changes that were at
a rate sufficiently high to over-print the longer-term patterns of differential tectonic
subsidence. Isopach mapping (Figs. 5.2 – 5.5), shows that tectonically-generated
accommodation is readily recognizable because it is, in this basin, invariably of restricted
extent, both in space and time.
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Chapter 6 Conclusions
The conclusions of this study will be presented in the context of the problems posed in
the Introduction:
1) A Temporal Framework: Develop a regional, high-resolution allostratigraphic
framework for the Dowling to Nomad lithostratigraphic members of the Wapiabi
Formation in southern Alberta between Townships 1 and 36.
A regional, high-resolution allostratigraphic framework was developed for the Santonian
– basal Campanian strata of the upper part of the Wapiabi Formation. The bounding
surfaces originally mapped by Hu and Plint (2009) to the north of Twp 36 were traced
southward to Twp 1. Of the three informal tectono-stratigraphic ‘units’ recognized by Hu
and Plint (2009), only unit 1 (allomembers A-D) and unit 3 (allomembers I-L) extended
across the present study area. Unit 2 (allomembers E-H) existed as only a thin remnant in
the NW, and was represented by a condensed section or a disconformity over most of the
study area. Unit 4 (allomembers M and N) was recognizable over most of the northern
part of the study area.
2) Subsidence History: Combine stratal lap-out patterns with isopach maps to form an
understanding of the overall basin-filling history.
The isopach map of the entire, over the combined study areas of Hu (1997) and the
present study area, the upper Wapiabi alloformation reveals a westward-thickening
wedge that appears to reflect broad and spatially uniform flexural subsidence driven by
the static load of the orogen. However, when viewed at the scale of stratigraphic ‘units’,
each comprising several allomembers, the pattern of subsidence begins to look less
homogeneous. Unit 1 is a broadly wedge-shaped, prismatic unit at least 800 km long, that
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records the generation of accommodation as a result of flexural subsidence. In contrast,
the isopach map of unit 2 shows a more arcuate depocentre, centred at about 54°30ʹN,
that pinches out southward by 52°N. In unit 2, it is evident that contemporaneous
thickening of the tectonic wedge was concentrated in the north, and that the present study
area was located on the corresponding forebulge, where accommodation was effectively
nil. Unit 3 records a new phase of flexural subsidence that generated an elongate
depocentre located in the southern part of the basin, with a corresponding forebulge in the
far north, where accommodation diminished to zero.
On the allomember scale, flexural subsidence appears to have been sufficiently high
during deposition of allomembers A through D, which are predominantly made up of
heterolithic fine-grained marine facies. This facies distribution suggests that near-shore
sediments were trapped on the western margin proximal to the orogenic belt. Sandstonerich nearshore and coastal plain deposits prograded into the basin primarily during
allomember L time, near the end of deposition of unit 3. Allomember L has a weakly
developed wedge shape that suggests that the rate of flexural subsidence was low at that
time. A low subsidence rate favoured a more progradational stacking pattern. This
contrasted with the more aggradational stacking pattern typical of a high subsidence rate,
when nearshore clastics tended to be trapped near the western basin margin.
3) Lithostratigraphic relationships: Determine the temporal relationship between the
Wapiabi Formation in south-central Alberta and the Milk River Group in the
southernmost part of Alberta and Northern Montana.
The sandstone-dominated Chungo Member of the Wapiabi Formation is well-developed
in the central Alberta Foothills, but becomes thinner towards the south, almost
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disappearing at about latitude 50°30ʹ, but reappearing in the Foothills south of latitude
50°, where it was also mapped as the Chungo Member. To the south of 50°N, the
shoreface sandstone of the Chungo Member is conformably overlain by non-marine
facies. Correlation from subsurface to outcrop shows that the Chungo Member is a
component of allomember L, and that the non-marine strata first appear at latitude 50°N,
coincident with the Vulcan-Medicine Hat domain boundary, to the south of which, nonmarine facies show progressive thickening. Allomember M also includes offshore,
shoreface and non-marine facies. These shoreface sandstones show an approximately 50
km backstep relative to those in allomember L, and this marks the onset of the next longterm relative sea-level rise that is recorded by offshore mudstones of allomember N that
thin and onlap from NE to SW, pinching out close to the Vulcan-Medicine Hat domain
boundary. Where exposed in the Plains along the Milk River, the shoreface sandstone
component of allomember L is assigned to the lithostratigraphic Virgelle Member
whereas the nonmarine facies of allomembers L and M form the Deadhorse Coulee
Member of the Milk River Formation. The top of the Deadhorse Coulee Member in the
type area along the Milk River is a sharp transgressive surface, overlain by marine
mudstone assigned to the lithostratigraphic Pakowki Formation in Alberta. This
boundary is a disconformity at which (at least) allomember N is missing, having lapped
out further to the NE. The unconformity also represents most of the Alderson Member.
4) Depositional Environments: Use the physical and biological characteristics of the
rocks to reconstruct the environments of deposition.
Successions in the northern, offshore part of the study area comprise stacked, siltier- and
sandier-upward parasequences, grouped into allomembers bounded by regionally-
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recognizable flooding surfaces. Many parasequences can be traced for hundreds of km,
thinning gradually eastward towards the forebulge. Abundant graded beds of very finegrained sandstone and silty mudstone, combined-flow and wave ripples, and rare
hummocky cross-stratification indicate that deposition took place on a shallow wavegraded marine ramp where sediment transport was affected primarily by storm-generated
combined flows. Sandstone becomes progressively less abundant to the NE and the
succession is entirely mudstone-dominated. Much of the offshore succession lacks
macroscopic bioturbation, suggesting that bottom-water had a very low (i.e. < 5 mg/l)
dissolved oxygen content that inhibited colonization by macro-benthos. Towards the
south and west, marine mudstones pass laterally into nearshore and coastal plain facies.
Subsurface mapping of nearshore sandstone facies indicates a broadly linear (although
with some local protuberances and embayments), NW-trending strandplain suggestive of
a strong wave-influence on sediment dispersal. Towards the SW, shoreface sandstones
interdigitate with coeval coastal plain facies that represent an array of channel, crevasse
splay, lake and floodplain environments.
5) Paleogeography: Use wireline log data, supplemented by sedimentary facies
observed in outcrop and core to reconstruct the distribution of more sand-rich facies, and
hence the evolving paleogeography of the study area during Santonian – early
Campanian time.
Two main facies associations were defined in the study area; marine and non-marine.
Sandstone isolith maps were compiled for marine sandstones as a means to map the
basinward extent of nearshore facies in each allomember. Localised patches and tongues
of ‘muddy sandstone’ (with a moderate API value on the gamma ray log) were mapped in
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allomembers B through I. These sandbodies were tentatively interpreted as the degraded
remnants of river-influenced deltas that prograded from the western margin of the basin.
Unfortunately, no core was available to allow positive determination of the sedimentary
facies represented by the ‘muddy sandstone’ log signature.
Thicker (> 10m clean sandstone bodies (< 75API) indicative of a shoreface environment,
prograde from the SW in allomembers L and M. Allomember L comprises four stacked
sandstone bodies, each separated by a flooding surface. The sandstones are arranged in a
progradational to aggradational stacking pattern and record of the order of 50-100 km of
transgressive-regressive movement of the shoreline per parasequence. The stacking
pattern of shoreface sandstones suggests that net accommodation rate progressively
diminished up to the time of parasequence L2, which was marked by vigorous coastal
progradation but no updip, coeval alluvial aggradation. A low accommodation rate
persisted into parasequences L3 and L4, which are characterized by a net aggradationalprogradational stacking pattern with limited updip, alluvial aggradation that may reflect
minor tectonic subsidence in the SW, and possibly minor eustatic rise. The overall sheetlike geometry and backstep of the allomember M shoreface was a response to the onset of
significant eustatic rise. Eustatic sea-level rise persisted through allomember N and into
the overlying Pakowki mudstones, forming a basin-wide mudstone blanket.
6) Basement influence: Did Precambrian basement domains exert an influence on
sedimentation?
Although subsidence was driven primarily by the static load of the orogen, deviations
from the wedge shape typical of a foreland basin, are revealed by isopach maps of
individual allomembers. These maps show that Precambrian basement blocks exerted a
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localized control on subsidence that influenced subsidence pattern as well as facies
distribution. The clearest expression of this deep-seated control is along the boundary
between the Vulcan Structure and the Medicine Hat Block. This east-west trending
tectonic boundary repeatedly caused the deflection of isopleths from NW-SE to W-E.
The sense of vertical offset between these two blocks was observed to reverse between
successive allomembers. The specific cause for vertical offset between basement blocks
is not known, but it is possible that it was a response to subtle changes in in-plane stress,
related to far-field forces emanating from tectonic activity in the Cordillera. Isopach
mapping on an allomember scale (timescale of the order of 100-200 kyr) is necessary to
reveal the subtle differential subsidence across basement domains.
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Suggestions for future work
1. Although the present study established the broad allostratigraphic framework for the
upper Wapiabi alloformation across the study area, it was realized, after consideration of
more recent studies, such as those by O’Connell (2014), Glombick and Mumpy (2014),
and Mumpy and Catuneanu (2018), that a higher density of well logs was necessary to
allow accurate resolution of the obliquely-shingled stacking pattern of shoreface
sandstone bodies in allomembers L and M.
2. The present study produced a relatively brief description of the sedimentology based
on only seven outcrop sections and a few cores, and visual estimations of the
petrography; emphasis was placed on the stratigraphy,. A more robust study could
attempt detailed petrographic analysis of the Wapiabi strata that places more emphasis on
the sedimentology, within the present allostratigraphic framework.
3. An extension of subsurface correlations to the north of the present study (i.e. between
townships 36 and 60), could be useful to complete the allostratigraphic framework
between the present study, and those of Hu (1997) and Al-Mufti (PhD in progress), which
would provide additional insight on controls of subsidence. The discovery of complex
patterns of uplift, subsidence and stratal bevelling revealed by very detailed
allostratigraphic analysis of the underlying Coniacian mudstones (Hooper, pers. comm.,
PhD in progress) is of particular interest, and raises the question: did these tectonic
movements persist into Santonian time?
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